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SECTION I 

INTRODUCTION 

1. Program Objectives 

The purpose of this program was to determine the current 

state of the art of corrosion of ferrous pipelines. This in- 

cluded corrosion mechanisms, frequency and causes of corrosion 

failure, corrosion mitigation, corrosion detection, and inspection 

and standards. The program goal was achieved by three separate 

but interacting paths: (1) a literature survey, ( 2 )  a question- 

naire, and ( 3 )  personal contacts. 

2. Literature Survev 

Emphasis was placed on corrosion literature published between 

1945 and July 1970. Only exceptional publications outside of this 

period were utilized. The major sources of the corrosion litera- 

ture were Bibliographic Surveys of Corrosion, Corrosion Abstracts, 

and Supplements to Corrosion Abstracts, all published by NACE 

(Nati,mal Association of Corrosion Engineers, Houston). Other 

sources were several hundred books, trade and professional 

journals, symposia and research publications, and Corrosion Control 

Abstracts (published by Scientific Information Consultants Limited, 

London). 

Corrosion Abstracts comprehensively cover 88 dom?stic, 

foreign, and goverr.ment sources. Tile Corrosion Control Abstracts 

are a translation of the Russian abstract journal Referativnyy 

Zhurnal w'lich covers about 800 worldwide publications. 

Approximately 90 percent of the world's corrosion literature 

F r o m  1945 through 1970 was covered in these series. This amou.nted 



t o  s o r t i n g  through over  8 0 , 0 0 0  genera l  co sms ion  a b s t r a c t s  and 

papers .  Approximately 32,000 of these w e r e  from fo re ign  sources.  

Each a b s t r a c t  t h a t  w a s  p e r t i n e n t  t o  t h i s  program w a s  mounted on 

s e p a r a t e  s h e e t s  o f  paper ,  e d i t e d ,  and key word coded f o r  computer 

r e t r i e v a l .  This came t o  a t o t a l  of 1826 a b s t r a c t s .  Approximately 

35 pe rcen t  of t h e s e  appeared s u f f i c i e n t l y  i n t e r e s t i n g  t o  warrant  

d e t a i l e d  s tudy of t h e  o r i g i n a l  works. In those  cases t h e  a b s t r a c t s  

w e r e  f u r t h e r  e d i t e d  o r  e n t i r e l y  r e w r i t t e n ,  and s u b j e c t i v e  comments 

w e r e  made i n  t h e  a b s t r a c t  and/or as p a r t  of  t h e  d i scuss ion  i n  t h e  

body of t h i s  r e p o r t .  

. 

The 1 8 2 6  a b s t r a c t s  mentioned above were placed on magnetic 

t ape .  Thirty-one percent  of these  w e r e  from fo re ign  j o u r n a l s ,  

while  t h e  remainder w e r e  from domestic sources .  L i s t i n g s  of  t h e  

a b s t r a c t s  grouped by key words and i n  numerical o rde r  are on f i l e  

a t  OPS-DOT (Off ice  of P ipe l ine  Safety-Department of Transpor ta t ion) .  

Table 1 shows t h e  key words ( o r  key phrases)  used! t o  code o r  

c l a s s i f y  t h e  a b s t r a c t s .  The key word code, followed by t h e  au thors '  

names, t h e  l i t e r a t u r e  re fe rence  and t h e  a b s t r a c t  i t s e l f ,  w a s  then  

keypunched on H o l l e r i t h  ca rds .  A l l  of t h i s  information may be 

r e c a l l e d  on command. Thus one may, f o r  example, r eca l l  a l l  ab- 

s t rac ts  d e a l i n g  with anaerobic- bacter ia l- corros ion of carbon- stee ls  

underground by asking t h e  computer f o r  those  key phrases .  The 

search  f o r  t h e s e  t h r e e  key phrases i s  found i n  Appendix I .  Any 

s i n g l e  key word o r  combinations of  keg words may be searched. I n  

a d d i t i o n ,  a l l  t h e  papers  w r i t t e n  by an author  o r  groups of au thors  

can be r e c a l l e d ;  f o r  example, a l l  t h e  a b s t r a c t s  o r  papers  w r i t t e n  

by Peabody can be r e c a l l e d  and p r i n t e d  o u t .  Other key words 

2 



d e a l i n g  wi th  p i p e l i n e  cor ros ion  b u t  n o t  l i s t e d  i n  Table 1 may 

a l so  be used t o  sea rch  f o r  a b s t r a c t s .  

The a b s t r a c t s  w e r e  numbered s e q u e n t i a l l y  as rece ived.  The 

r e f e r e n c e s  i n  t h i s  r e p o r t  use t h e  same a b s t r a c t  numbers as  t h e  

l i t e r a t u r e  sea rch ,  e .g . ,  ( 5 5 2 )  i s  Reference 552 i n  t h e  l i s t  of 

r e fe rences .  

A wide range of l i t e r a t u r e  w a s  uncovered. The l eve l  of  pre-  

s e n t a t i o n  v a r i e d  t h e  f u l l  range from very  elementary t o  very ad- 

vanced. Many, i f  n o t  m o s t ,  of t h e  papers  w e r e  merely restate-  

ments of  what w a s  a l r eady  known. Numerous papers  w e r e  c l e a r l y  

sa les  promotions f o r  one company's products  o r  s e r v i c e s .  Never- 

t h e l e s s ,  much new information has  been uncovered which does no t  

y e t  appear i n  any book. This  rej?ort emphasizes t h e  new informa- 

%ion t h a t  w a s  considered important .  

3 .  Questionnaire Methods and Responses 

The development and response of t h e  corros ion ques t ionna i re  

w a s  a s i g n i f i c a n t  coopera t ive  achievement of t h e  opera t ing  in-  

d u s t r y  and t h e  Of f i ce  of P i p e l i n e  Safe ty .  

I n  t h e  development phase, t h e  e n t i r e  f i e l d  of underground 

and underwater f e r r o u s  p i p e l i n e  cor ras ion  knowledge w a s  o u t l i n e d .  

From t h i s  w a s  drawn a series of  ques t ions  on i n s p e c t i o n ,  causes ,  

c o a t i n g s ,  ca thod ic  p r o t e c t i o n ,  ca thod ic  p r o t e c t i o n  c r i t e r i a ,  

s u r v e i l l a n c e ,  c o n t r o l ,  maintenance, i n t e r f e r e n c e ,  and resea rch .  

The q u e s t i o n s  were chosen t o  supplement and. expand on t h e  know- 

,edge a v a i l a b l e  from t h e  l i t e r a t u r e  search .  The ques t ionna i re  

was then reviewed and expanded by a nvinber o f  i n d u s t r y  and govern- 

Ten ta l  co r ros ion  committees and s p e c i z l i s t s .  The reviews of  t h e  



TABLE 1 

KEY WORD* CODE FOR COMPUTER RETRIEVAL OF CORROSION LITERATURE 
- 

CORROSION MECHANISMS HEMICAL ENVIRONMENT ROTECT I ON YPE OF ARTICLE 

Corros ion  Mechanisms(gen) 
Uniform Cor ros ion  o i l  R e s i s t i v i t y  
Galvanic  Cor ros ion  
Crevice Cor ros ion  
P i t t i n g  Cor ros ion  
I n t e r g r a n u l a r  Cor ros ion  
S e l e c t i v e  Leaching 
Stress Cor ros ion  c i d s  - Low p H  ( < 7 )  
Corros ion  F a t i g u e  l k a l i e s  - High pH 
Eros ion  Cor ros ion  r g a n i c s ,  Pe t ro leum 
Hydrogen E f f e c t s  
B i o l o g i c a l  A t t a c k  (gen)  
Anaerobic B a c t e r i a l  nhvdrous Ammonia 

dA 
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r o t e c t i o n  Methods (gen)  Experiment  
a t h o d i c  P r o t e c t i o n  S e n e r a l  R e v i e w  o r  Book 
a t e r i a l s  S e l e c t i o n  S p e c i f i c  R e v i e w  
o a t i n g s  (gen)  Theory 
s p h a l t  C o a t i n g s  Acc iden t s  
o a l  Tar  C o a t i n g s  F i e l d  Exper ience  
ax Coa t ings  R u l e s ,  L a w s ,  S t a n d a r d s  
l a s t i c  and Othe r  N e w s  Ar t ic les  

Organic  Coa t ings  
Lhin F i l m  Coa t ings  LOY B E I N G  STUDIED 

a rbon  S t e e l s  

a s t  I r o n s  
i l i c o n  I r o n s  
u r e  I r o n s  
t a i n l e s s  S t e e l s  

Corros ion  
Aerobic B a c t e r i a l  

Cor ros ion  
Fungal ani! Other  

M i c r o b i o l o g i c a l  l o g i c a l  Agents  
Co r r o s i o n  x t e r n a l  C u r r e n t  

t r a y  C u r r e n t s  
nodi  c P r o t e c t i o n  

T e s t i n g  

Data 
Bas ic  E l e c t r o c h e m i c a l  

f f e c t  of V e l o c i t y  
f f e c t  of T i m e  
o i l  S t r e s s  

* 
Key words o t h e r  t h a n  t h o s e  l i s t e d  may be Used t o  d c f l 2 -  ?.::e r e t r i e v a l  s e a r c h  area. 



ques t ionna i re  were c o n s t r u c t i v e ,  and t h e  cooperat ion w a s  e x c e l l e n t .  

More than  9 2  i n d i v i d u a l s  con t r ibu ted  t o  t h e  ques t ionna i re .  A copy 

of t h e  21-page ques t ionna i re  i s  contained i n  Appendix 11. 

The response of  t h e  opera t ing  i n d u s t r y  t o  t h e  voluntary  

ques t ionna i re  w a s  unprecedented fo r  a nationwide survey. S i x  

hundred ques t ionna i res  w e r e  s e n t  t o  t h e  o p e r a t i n g  indus t ry .  From 

t h i s  6 2 . 1  pe rcen t ,  o r  373 opera t ing  companies, responded. Ten 

and seven- tenths pe rcen t  of  t h e  cor ros ion  resea rch  o rgan iza t ions  

and 9 . 6  pe rcen t  of t h e  cor ros ion  c o n s u l t a n t s  responded t o  t h e  

ques t ionna i re .  A t o t a l  of  4 0 4  ques t ionna i re  responses were 

rece ived.  Eighty- eight  pe rcen t  of t h e  petroleum companies, 59 

pe rcen t  of t h e  gas  opera t ing  companies, and 53 pe rcen t  of  t h e  

water  companies responded. The major i ty  of  t h e  companies t h a t  

d i d  n o t  respond w e r e  s m a l l  companies w i t ? -  a l i m i t e d  t e c h n i c a l  

s t a f f  who f e l t  t h a t  they could no t  j u s t i f y  t h e  t i m e  and expense 

t o  respond o r  t h a t  they d i d  rlot have t h e  necessary corros ion 

knowledge. 

The 373 opera t ing  responses w e r e  d iv ided as  shown Ln Table 2 .  

The ques t ionna i re  had two types  of enswers, numerical and 

essay .  The numerical answers were coded and placed cn H o l l e r i t h  

ca rds  f o r  computerized a n a l y s i s .  The computer t a b u l a t e d  t h e  

responses and p r i n t e d  a copy of  t h e  ques t ionna i re  wi th  answers. 

A s e p a r a t e  r e p o r t  Wac made f o r :  

e The 373 Operating Companies 

e Consul tants  

e Research Organizat ions 

e Other I n t e r e s t e d  GroEps 

C 



TABLE 2 

OPERATING RESPONSES 

Operating Companies - 

G a s  Gathering 

G a s  Storage A r e a  Gathering 

G a s  Transmission 

G a s  D i s t r i b u t i o n  

O i l  Gathering 

O i l  Transmission 

Petroleum Product Transmission 

Petroleum Product D i s t r i b u t i o n  

Water 

To ta l  

Number of  Companies 

32 

18 

6 3  

159 . 

1 3  

28 

31 

1 

28 

3 7 3  

- 

0 G a s  Gathering 

0 Gas Storage A r e a  Gathering 

0 G a s  Transmission 

0 G a s  D i s t r i b u t i o n  

0 O i l  Gathering 

0 O i l  Transmission 

0 Petroleum Product Traxsmission 

0 Petroleum Product D i s t r i b u t i Q n  

0 Water 

These r e p o r t s  are on f i l e  a t  OPS-DOT. Except f o r  t h e  expected 

d i f f e r e n c e s  related. t o  “,he materials t r anspor ted ,  t h e r e  w e r e  no 

s i g n i f i c a n t  v a r i a t i o n s  i n  t h e  numerical responses of t h e  s e p a r a t e  

r e p o r t s  l i s t e d  above. Therefore,  t h e  numerical r e s u l t s  of t h e  

. 
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q u e s t i o n n a i r e  c o n t a i n e d  i n  t h i s  r e p o r t  are t h e  combined r e s u l t s  

o f  t h e  373 o p e r a t i n g  companies.  The o c c a s i o n a l  d i f f e r e n c e s  i n  

response  o f  g a s ,  o i l ,  water,  g a t h e r i n g ,  t r a n s m i s s i o n ,  o r  d i s t r i -  

b u t i o n  companies are n o t e d .  

All o f  t h e  r e s p o n s e s  t o  each  p a r t i c u l a r  e s s a y  q u e s t i o n  w e r e  

p l a c e d  t o g e t h e r .  T h i s  p e r m i t t e d  a r a p i d  overview of t h e  r e s p o n s e s  

t o  each  q u e s t i o n .  Where a p p l i c a b l e ,  t h e  r e s u l t s  o f  t h e  e s s a y  

q u e s t i o n s  were p l a c e d  i n  t a b l e s  f o r  e a s y  a n a l y s i s .  Many o f  t h e s e  

t a b l e s  appear  i n  t h i s  r e p o r t .  Other  i n t e r e s t i n g  comments w e r e  

a l s o  i n c l u d e d  and are r e f e r e n c e d  by q u e s t i o n n a i r e  number, e . g . ,  

(QlOO). The combined e s s a y  q u e s t i o n s  and t h e  q u e s t i o n n a i r e  

r e s p o n s e s  are on f i l e  a t  OPS-DOT. 

The 4 0 4  r e s p o n s e s  r e p r e s e n t  t h e  e x p e r i e n c e  and knowledge of  

c o r r o s i o n  c o n t r o l  a s s o c i a t e d  w i t h  1,369,947 m i l e s  o f  p i p e .  

4 .  P e r s o n a l  C o n t a c t s  

More t h a n  96 c o r r o s i o n  s c i e n t i s t s  and e n g i n e e r s  from all 

o v e r  t h e  United S t a t e s  w e r e  i n t e r v i e w e d  f o r  b o t h  f a c t  and o p i n i o n .  

Loca l  and n a t i o n a l  mee t ings  of WACE, E l e c t r o c h e m i c a l  S o c i e t y ,  and 

t h e  M e t a l l u r g i c a l  S o c i e t y  05 AIME w e r e  a t t e n d e d .  

5 .  O u t l i n e  o f  Repor t  

The r e s u l t s  o f  t h e  l i t e r a t u r e  s’irvey, t h e  q u e s t i o n n a i r e ,  and 

--.he p e r s o n a l  i n t e r v i e w s  w e r e  combined i n s o f a r  as  p o s s i b l e .  The 

s t a t ?  of t h e  a r t  of c o r r o s i o n  o f  f e r r o u s  pipip.g i s  summarized anti 

c o n c l u s i o n s  are g i v e n  i n  S e c t i o n  IT. Hence, an overview o f  t h i s  

s t u d y  can be obtained.  by r e a d i n g  S e c t i o n  I and S e c t i o n  11. 

C u r r e n t  knowledge o f  t h e  b a s i c  forms o f  c o r r o s i o n  i s  o u t l i n e d  

i n  S e c t i o n  III. This  s ta r t s  w i t h  t h e  b a s i c  Isubrne-ged c o r r o s i o n  



mechanisms, which lays t h e  groundwork and e x p l a i n s  t h e  nomenclature 

for unde r s t and ing  t h e  v a r i o u s  forms and c o m p l e x i t i e s  of c o r r o s i o n .  

The forms of c o r r o s i o n  (uniform,  p i t t i n g ,  s t r a y  c u r r e n t ,  c r e v i c e ,  

e t c . )  are then  d i s c u s s e d  i n  some d e t a i l .  Next, c o r r o s i o n  c o n t r o l  

i s  d i s c u s s e d  i n  S e c t i o n  IV. Thi s  i n c l u d e s  material s e l e c t i o n ,  i n -  

h i b i t o r s ,  c o a t i n g s ,  and c a t h o d i c  p r o t e c t i o n .  Th i s  and t h e  fol low-  

i n g  s e c t i o n s  are more a p p l i c a t i o n  o r i e n t e d  and should  be under-  

s t a n d a b l e  t o  t h e  beg inn ing  c o r r o s i o n  s t u d e n t .  

S e c t i o n  V p r e s e n t s  d a t a  on c o n s t r u c t i o n ,  maintenance,  and i n -  

s p e c t i o n  from t h e  q u e s t i o n n a i r e  and t h e  l i t e r a t u r e .  The s m a l l  

amount of pub l i shed  in fo rma t ion  found on economics i s  d i s c u s s e d  

i n  S e c t i o n  V I .  S e c t i c n  V I 1  summarizes o t h e r  problems d i r e c t l y  

related t o  c o r r o s i o n .  These i n c l u d e  th . e  t r a i n i n g  of corrosion 

p e r s o n n e l ,  t h e  use  of y i p i n g  as an e l ec t r i ca l  grou.nd, mechanical  

damage t o  c o a t i n g s ,  and i n t e r f e r e n c e .  Gaps i n  t h e  t echnology  

and t h e  conc lus ions  are l i s t e d  i n  S e c t i o n  V I I I .  

Appendices I th rough  I V ,  r e s p e c t i v e l y ,  p r e s e n t  an  a b s t r a c t  

r e t r i e v a l  r u n ,  t h e  q u e s t i o n n a i r e ,  a l i s t  of  e l e c t r o l y s i s  o r  

c o r r o s i o n  i n t e r f e r e n c e  commit tees ,  and: a l i s t  of o r g a n i z a t i o n s  

and s o c i e t i e s  w i t h  i n t e r e s t  in .  c o r r o s i o n  and c o r r o s i o n  c o n t r o l .  



SECTION I1 

SUMMARY 

1. F a c t o r s  I n f l u e n c i n g  Cor ros ion  

Under normal c o n d i t i o n s ,  m e t a l l i c  i r o n  i s  u n s t a b l e  w i t h  

r e s p e c t  t o  fo rmat ion  of i t s  compounds. Thus f e r r o u s  metals 

co r rode  underground,  i n  t h e  atmosphere,  and i n  n a t u r a l  w a t e r s .  

Th i s  does n o t  n e c e s s a r i l y  mean, however, t h a t  a l l  c o r r o s i o n  i s  

i n t o l e r a b l y  d e s t r u c t i v e .  I t  i s  p o s s i b l e  f o r  c o r r o s i o n  t o  t a k e  

p l a c e  a t  such a s l o w  r a t e  t h a t  leaks never  develop over  t h e  

u s e f u l  l i f e  o f  a p i p e  s e c t i o n .  

Real s o i l  and r e a l  e n g i n e z r i n g  me ta l s  a r e  n o t  homogeneous. 

I f  they  were, c o r r o s i o n  would g e n e r a l l y  be uniform and n e g l i -  

g i b l y  s l o w .  I n  r e a l  s i t u a t i o n s ,  inhomogenei t ies  e x i s t  and cause  

d i f f e r e n c e s  i n  e l e c t r i c a l  p o t e n t i a l  t o  develop a long  t h e  s u r f a c e  

e f  a p i p e .  

I r o n  d i s s o l v e s  a t  anodic  a r e a s  and l i b e r a t e s  e l e c t r o n s ,  

which f low through t h e  p ipe  and p a r t i c i p a t e  i n  c a t h o d i c  re- 

a c t i o n s  e lsewhere .  Such g a l v a n i c  c e l l s  a r i s e  p a r t i c u l a r l y  when 

d i f f e r e n t  metals are  i n  c o n t a c t .  For example, new s teel  p i p e  

i s  anod ic  w i t h  r e s p e c t  t o  n l d  r z s t e d  p i p e  and d i s s o l v e s  pre-  

f e r e n t i a l l y .  Contac t  w i th  a noble  m e t a l  s uc5  a s  copper causes  

s t ee l  t o  c o r r o d e  rap!-dly. Galvanic  c o n c e n t r a t i o n  c e l l s  may a l s o  

a r i s e  from v a r i a t i o n s  i n  a c i d i t y ,  oxygen c o n c e n t r a t i o n ,  b a c t e r i a l  

a c t i v i t y ,  e t c . ,  a l o n g  a p i p e  trench.. 

Seventy-s ix  p e r c e n t  of t h e  companies surveyed r a t e d  g a l v a n i c  

c e l l s  as t h e  most p r e v a l e n t  cciuse of c o r r o s i o n  leaks. 

S t ee l  p i p e  seldom f a i l s  by  uniform corrosj-c'?. I t  f a i l s  p r e -  



dominant ly  by l o c a l i z e d  a t t a c k  i n  t h e  form of  p i t s .  The p i t s  are  

i n i t i a t e d  by some s o r t  of inhomogeneity,  as d i s c u s s e d  above. 

Ch lo r ide  i o n  seems t o  be p a r t i c u l a r l y  i m p l i c a t e d  as a c a u s a t i v e  

agen t  f o r  p i t t i n g ,  a s  w e l l  as f o r  c r e v i c e  c o r r o s i o n .  Once 

i n i t i a t e d ,  a p i t  r a p i d l y  evo lves  t o  a f a i r l y  s t a b l e  conf igura-  

t i o n .  Within  t h e  p i t ,  i r o n  d i s s o l v e s  t o  form f e r r o u s  i o n s ,  

x h i c h  m i g r a t e  away and r e a c t  w i t h  oxygen and water t o  form 

v a r i o u s  hyd ra t ed  o x i d e s  i n  t h e  f o r m  of a s o l i d  c r u s t .  Cathodic  

r e a c t i o n s ,  such as r e d u c t i o n  of oxygen gas  t o  hydroxide i o n  or  

r e d u c t i o n  of hydrogen i o n  t o  hydrogen g a s ,  occur  e l sewhere  on 

t h e  p ipe .  The r u s t y  s c a l e  l i m i t s  access o f  oxygen t o  t h e  p i t ,  

w h i l e  n e g a t i v e  i o n s  such as c h l o r i d e  are  a t t r a c t e d  by t h e  l a r g e  

number of p o s i t i v e  f e r r o u s  i o n s  l i b e r a t e d .  Such c o n d i t i o n s  are 

conducive f o r  f u r t h e r  d i s s o l u t i o n ,  and so  t h e  p i t  c o n t i n u e s  i t s  

s e l f - s t i m u l a t e d  b u t  c o n t r o l l e d  growth. 

The surveyed companies b e l i e v e  s t r a y  c u r r e n t  i s  t h e i r  second 

most p r e v a l e n t  cause  of c o r r o s i o n .  Cur ren t  f lows  through a pipe-  

lirre when in an  e lec t r ic  f i e l d  which i s  p r e s e n t  i n  t h e  s o i l .  

Metal d i s s o l v e s  r a p i d l y  where posit:-ve c u r r e n t  leaves t h e  p ipe .  

E lec t r ic  r a i l w a y s  ~5 s t i l l  a major wourcp of d i rec t  c u r r e n t  Fn 

t h e  s o i l .  A l t e r n a t i r q  c u r r e n t  i r !  power l i n e s  induces  c u r r e n t  

i n  a p a r a l l e l  p i p e l i n e  and,  when r e c k i f i e d ,  causes  Cor ros ion .  

Cathodic  p r o t e c t i a n  of nearby underground s t r c c t u r e s  car. 

c ause  c u r r e n t  i n t e r f e r e n c e .  Many measures can be t aken  t o  

r educe  t h i s  i n t e r f e r e n c e  problem, b u t  there are s t i l l  i n s t a n c e s  

when t h e  h igh  d e n s i t y  and 

s t r u c t u r e s  make avoidance  

arrangement  O P  underground m e t a l  

of i n t e r f e r e n c e  n e a r l y  impcss ib l e .  
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A major t h r e a t  may be t h e  use  of h igh  v o l t a g e ,  d i r e c t  c u r r e n t  

power t r a n s m i s s i o n .  I t  i s  l i k e l y  t h a t  ve ry  l a r g e  c u r r e n t s  w i l l  

a t  leas t  o c c a s i o n a l l y  be  r e l e a s e d  i n t o  t h e  s o i l .  Research i s  

under way t o  de te rmine  t h e  magnitude of t h e  haza rd  t o  p i p e l i n e s  

and measures which can be  t aken  t o  reduce  c o r r o s i o n  from t h i s  

sou rce .  The e f f e c t s  can be  a p p r e c i a b l e  and may, i n  some cases, 

r e q u i r e  use  of au tomat ic  c a t h o d i c  p r o t e c t i o n  systems.  

When h igh  s t r e n g t h  s teels  are s u b j e c t e d  s imu l t aneous ly  t o  

mechanical  stress and t o  a c o r r o s i v e  environment ,  c r a c k s  can 

develop very  r a p i d l y .  The survey  d i d  n o t  show t h a t  t h i s  is  

a major cause  of c o r r o s i o n ,  b u t  it i s  s i g n i f i c a n t  i n  t h a t  f a i l u r e  

i s  a p t  t o  be  c a t a s t r o p h i c .  The v a r i o u s  stress c o r r o s i o n  c r a c k i n g  

mechanisms and phemmena a r e  n o t  w e l l  unders tcod  and are  under 

a c t i v e  i n v e s t i g a t i o n .  A t  t h i s  t i m e  t h e  on ly  r ea sonab ly  s u r e  

method f o r  p r e v e n t i n g  s tress c o r r o s i o n  c r a c k i n g  i s  t o  avo id  

u se  05 high  s t r e n g t h  s tee ls .  Hard welds should  a!.so be  avoided 

for t h i s  reason .  

Twenty-two leaks w e r e  a t t r i b u k e d  t o  hydrogen b l i s t e r i n g  by 

t h e  surveyed conpanies .  Hydroqen i s  gene ra t ed  bcth by c o r r o s i o n  

i n  an  a c i d  environment .and by c a t h o d i c  p r o t e c t i Q 9 ,  e s p e c i a l l y  a t  

h igh  F o e e n t i a l s .  Metals  w i th  vo ids  and i n c l u s i o n s  are  p a r t i c u -  

l a r l y  s u s c e p t i b l e .  In -zeryranula r  c o r r o s i o n  cf mar.y s t a i n l e s s  

s tee ls  can be r a p i d  when t h e  thermal  c y c l e  c f  welding s e n e r a t e s  

c e r t a i n  t y p e s  of inhomogene i t i es .  

Temperature i n f l u e n c e s  c o r r o s i o n  i r  s e v e r a l  ways; t h e  n e t  

e c f e c t  i s  g e n e r a l l y  f o r  corrosion -to acceLera t3  a.s t e m p e r a t r r e  

i n c r e a s e s .  A l s o ,  s t ress  c o r r o s i o n  c r a c k i n y  has  bee? fourld! to be 



more common i n  p i p e  l e a d i n g  from compressor s t a t i o n s ,  presumably 

because  of t h e  e l e v a t e d  g a s  t empera tu re s  gene ra t ed  by compression.  

Cor ros ion  of s tee l  b u r i e d  i n  pe rmaf ros t  soils, on t h e  other  hand, 

has  been found t o  be n e g l i g i b l e .  

Uniform c o r r o s i o n  t e n d s  t o  d e c r e a s e  w i t h  t i m e  because  o f , t h e  

i 

presence  of c o r r o s i o n  p roduc t s  b lock ing  access of c o r r o d e n t s .  a 

P i t t i n g  and stress c r a c k i n g ,  however, i n c r e a s e  w i t h  t i m e .  The 

c o r r o s i o n  f a i l u r e  rate  of unp ro t ec t ed  p i p e l i n e s  t e n d s  t o  in-  

crease e x p o n e n t i a l l y  w i th  t i m e .  

- 

I n  g e n e r a l ,  t h e  most c o r r o s i v e  soi ls  c o n t a i n  l a r g e  concen- 

t r a t i o n s  of s o l u b l e  sa l t s  and,  consequen t ly ,  have r e l a t i v e l y  l o w  

r e s i s t i v i t i e s .  On t h e  o t h e r  hand, t h e  leas t  c o r r o s i v e  s o i l s  

u s u a l l y  have h igh  r e s i s t i v i t i e s ,  i n d i c a t i n g  l o w  c o n c e n t r a t i o n s  

of soluble sa l t s .  Soiis w i t h  r e s i s t i v i t i e s  g r e a t e r  t h a n  about  

5 , 0 0 0  ohm-cn can g e n e r a l l y  b e  expec ted  t o  be m i l d l y  t o  non- 

c o r r o s i v e .  I t  should  be r e a l i z e d ,  however, t h a t  because  many 

o ther  f a c t o r s  may affec t  t h e  c o r r o s i o n  r a te  of me ta l ,  c e r t a i n  

h igh  r e s i s t i v i t y  s o i l s  may be m o r e  c o r r o s i v e  t h a n  s o i l s  of 

lower r e s i s t i v i t y  . 
The p i t t i n g  r a t s  cf neta l  b u r i e d  i n  soil >as beer, found t o  

increase e x p o n e n t i a l l y  as a f u n c t i o n  of s o i l  ; . e r a t ion .  The 

Lower t h e  amount of a e r a t i o n ,  t h e  f a s t e r  ,he p i t t i n g  ra te  i n-  

c r e a s e d  w i t h  t i m e .  

Ch lo r ide  i o n  i s  known t o  a c c e l e r a t e  c o z r c s i o n .  Eydrogen 

s u l f i d e  a c c e l e r a t e s  c o r r o s i o n ,  and cag cause  s u l f i d e  stress 

c rack ing .  Carbon d i o x i d e  p r e s s u r e s  over 30 psi i n  w e t  o i l  and 

gas cause  c o r r o s i o n .  T h e  s p l a s h  and t i d a l  zones i n  E e a w a t e r  ere 
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t h e  m o s t  c o r r o s i v e  marine  environment.  Fur thermore ,  c a t h o d i c  

p r o t e c t i o n  i s  i n e f f e c t i v e  there .  

It  i s  known t h a t  p r o d u c t s  of m i c r o b i o l o g i c a l  metabolism 

can a c c e l e r a t e  c o r r o s i o n .  S u l f a t e  reduc ing  b a c t e r i a  cause  IJ2S 

fo rma t ion  under anae rob ic  c o n d i t i o n s  and a c c e l e r a t e  c o r r o s i o n .  

The e x t e n t  t o  which micro-organisms c o n t r i b u t e  t o  p i p e l i n e  

c o r r o s i o n  i s  u n c e r t a i n .  Very l i t t l e  good f i e l d  d a t a  a r e  

a v a i l a b l e .  There  t ends  t o  be a s i g n i f i c a n t  p o l a r i z a t i o n  of 

o p i n i o n  on t h i s  s u b j e c t .  

I n  t h e  atmosphere,  c o r r o s i o n  i s  a c c e l e r a t e d  by mo i s tu re ,  

wind-blown sea s a l t ,  s u l f u r  d i o x i d e ,  and t o  some e x t e n t ,  ozone. 

The combined e f fec t  of  d i l u t e  s u l f u r i c  a c i d  and ozone i s  worse 

t han  t h e  sum of t h e i r  i n d i v i d u a l  e f fec ts .  

2 .  Cor ros ion  Control 

I t  i s  r a r e l y  f e a s i b l e  t o  complete ly  e l i m i n a t e  a l l  c o r r o s i o n  

i n  p r a c t i c a l  s i t u a t i o n s .  

t o  a n  a c c e p t a b l e  l e v e l  f o r  t h e  lowest c o s t .  

The g o a l  i s  r a t h e r  t o  b r i n g  c o r r o s i o n  

Near ly  3.11 of t h e  

companies surveyed had a c o r r o s i o n  c o n t r o l  program. 

Although no f e r r o u s  metal i s  untouched by c o r r o s i o n ,  t h e  

e x t e n t  of c o r r o s i o n  i s  s i g n i f i c a c k l y  i n f luenced  by t h e  e x a c t  

composi t ion of the m e t a l  and. by the rmal  and mechanical  trez-L- 

ments. Welds a r e  no ted  t o  be p a r t i c u l a r l y  s u s c e p t i b l e  to 

c o r r o s i o n .  L n f Q r t u n a t e l y ,  most of t h e  a d d i t i v e s  which markedly 

improve corrcsFon r e s i s t a n c e  a re  probabl-y too expens ive  f o r  use  

i n  larce F l p e l i n e  s y s t e m s .  

Al*:’qougb most c c r r o s i o n  occu r s  ex t e rnaL ly ,  i n t e r n a l  c o r r o s i o n  

is z l so  a pr05le~n wken m.oisture and c h l o r i d e  i o n ,  hydrogen s u l -  
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f i d e ,  o r  carbon d i o x i d e  are  p r e s e n t .  Th i s  has  been c o n t r o l l e d  

by removing mo i s tu re  ( d r y i n g  t h e  gas  and o i l  streams) , adding  

i n h i b i t o r s ,  o r  c o a t i n g .  Proper  i n h i b i t o r s  are s e l e c t e d  empir i-  

c a l l y .  I t  i s  impor t an t  t o  n o t e  t h a t  many i n h i b i t o r s  accelerate 

c o r r o s i o n  if t h e i r  c o n c e n t r a t i o n  i s  too l o w .  

A wide ly  used method of c o r r o s i o n  c o n t r o l  i s  t h e  a p p l i c a t i o n  

of c o a t i n g s .  Although m e t a l  c o a t i n g s  are e f f e c t i v e  under some 

c o n d i t i o n s ,  t h i c k  o r g a n i c  c o a t i n g s  are g e n e r a l l y  f avo red  f o r  

underground use where p r o t e c t i o n  i s  r e q u i r e d  f o r  long  p e r i o d s .  

. 

These c o a t i n g s  are i d e a l l y  w a t e r  impervious ,  e l e c t r i c a l l y  i n-  

s u l a t i n g ,  and tough.  Gene ra l ly ,  t i g h t  adhes ion  t o  t h e  p i p e  i s  

a l s o  r e q u i r e d ,  al tholiyh good r e s u l t s  have been r e p o r t e d  w i t h  

l o o s e  f i t t i n g  p l a s t i c  s h e a t h s .  The r equ i r emee t  fo r  w a t e r  

impermeabi l i ty  i s  probably  even more s e v e r e  when t h e  c o a t i n g  

i s  n o t  bonded t o  t h e  p i p e .  1.: should  be  no ted  t h a t  no p e r f e c t  

c o a t i n g  m a t e r i a l  ex is t s .  

The most common c i rcumstance  f o r  l e a k s  i n  coated. p i p e  was 

p h y s i c a l  damage cf t h e  c o a t i n g .  The secord. most common c i r-  

cumstance w a s  corrosio? .  a t  improper ly  a p p l i e d  castings. M i c r s -  

organisms attac'c mosC,, i f  n o t  a l l ,  o r g a n i c  c o a t i n g s .  T h e r e f o r e ,  

one cannot  assume f , F ~ , t  once 7 p i p e  i s  coa t ed  it yemains effec-. 

t i v e l y  c o a t e d  f o r e v e r .  I n s p c t i o n  and r e p a i r  i s  neces sa ry  LO': 

on ly  when l a y i n g  p i p ,  b u t  a l s o  p e r i o d i c a l l y  t h e r e a f t e r .  

maintenance r e q u i r e y e n t s  are  probably  p a r t i c u l a r l y  s e v e r e  when 

c a t h o d i c  p r o t e c t i o n  i s  n o t  employed s imu l t aneous ly .  

The 

Although seldom used f o r  p i p e s  c a r r y i n g  gas  and o i l ,  c o n c r e t e  

coati-ngs can  p rov ide  e f  f ectii-e c o r r o s i o n  c o n t r o l .  Cmcrete ' s 
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e f f e c t i v e n e s s  i s  l a r g e l y  due t o  i t s  h igh pH. Again, p roper  

a p p l i c a t i o n  i s  requirec?, inclu?. ing choosing t h e  p roper  c o n c r e t e  

mix. 

I n  c a t h o d i c  p r o t e c t i o n ,  c o r r o s i o n  i s  reduce2  by making t h e  

Bipe n e g a t i v e  w i t h  r e s p e c t  t o  t h e  a d j a c e n t  s o i l .  I t  i s  n o t  a 

panacea f o r  a l l  c o r r o s i o n  problems.  N e i t h e r  i s  t h e  p r o p e r  

a p p l i c a t i o n  of  c a t h o d i c  p r o t e c t i o n  a t r i v i a l  m a t t e r .  I n c r e a s e d  

c o r r o s i o n  due t o  c a t h o d i c  p r o t e c t i o n  h a s  a c t u a l l y  been observed 

when s t e e l  w a s  c o n t i n u o u s l y  o r  i n t e r m i t t e n t l y  h e a t e d  and i n t e r -  

m i t t e n t l y  w e t t e d .  

j u s t  downstream from compressor s t a t i o n s  i n  a r e a s  where t h e  

s o i l  i s  i n t e r m i t t e n t l y  d r y  and w e t .  Cathodic  p r o t e c t i o n  can 

i n c r e a s e  t h e  l e a k  r a t e  a t  f i r s t ,  when a p p l i e d  t o  o l d  p i p e ,  by 

loosen ing  t h e  a d h e r e n t  r u s t  s ca l e  which p r e v i o u s l y  covered 

s 3 a l l  h o l e s .  

e x t e r n z l l y  a p p l i e d  DC power o r  by a t t achment  of s a c r i f i c i a l  

anodes ,  such a s  Yg, Zn, o r  A l ,  which a r e  s lowly consumed. 

E i t ? e r  rnethod i s  e f f e c t i v e  when p r o p e r l y  i n s t a l l e d  and main- 

t a i n e d .  

Such c o n d i t i o n s  would be  expec ted  on p i p e s  

Cathodic  p r o t e c t i o n  may be  accomplished e i t h e r  by 

I t  may be  p o s s i b l e  t o  m a i n t a i n  c o a t i n g s  t o  t h e  e x t e n t  t h a t  

adequa te  p r o t e c t i o n  i s  ach ieved  w i t h o u t  o t h e r  measures.  

t h e  Z i f f i c u l t y  i n  a c h i e v i n g  t h i s  l e v e l  of maintenance has  caused 

many conpanies  t o  supplement c o a t i n g s  w i t h  c a t h o d i c  p r o t e c t i o n .  

O n  t h e  o t h e r  hand,  c a t h o z i c  p r o t e c t i o n  used a l o n e  can g e n e r a l l y  

p r o v i d e  adequa te  p r o t e c t i o n ,  e x c e p t  t h a t  l a r g e  c u r r e n t s  are  

r e q u i r e d  and i n t e r f e r e n c e  w i t h  o t h e r  s t r u c t u r e s  t h a t  may be  

nearby i s  l i k e l y .  Khen used w i t h  c o a t i n g s ,  on ly  enough c u r r e n t  

Ilowever, 
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i s  r e q u i r e d  t o  p r o t e c t  a r e a s  where h o l e s  have developed i n  t h e  

c o a t i n g s .  Thus, c o a t i n g s  and cathodic p r o t e c t i o n  a r e  o f t e n  used 

i n  c .onjunct ion.  Even though t h e  d a t a  from t h e  surveyed companies 

i n d i c a t e d  a lower c o r r o s i o n  leak r a t e  w i t h  coa t ed  and ca thod ic-  

a l l y  p r o t e c t e d  p i p e  t h a n  w i t h  unp ro t ec t ed  p i p e ,  some leaks d i d  

deve lop  on p r o t e c t e d  p i p e s .  Thus t h e  c o n t r o l  measures do n o t  A 

appear  t o  be t o t a l l y  e f f e c t i v e .  I n  many c a s e s ,  t h i s  may r e f l ec t  

improper use  of e i the r  c o a t i n g s  o r  c a t h o d i c  p r o t e c t i o n ,  o r  both.  

U s e  of c a t h o d i c  p r o t e c t i o n  and c o a t i n g s  t o g e t h e r  i s  n o t  

. 

w i t h o u t  problems. Ca thodic  p r o t e c t i o n  may cause  d i sbonding  of 

t h e  c o c t i n g .  C a v i t i e s  under d isbonded c o a t i n g  are i d e a l  f o r  

c r e v i c e  c o r r o s i o n  and  m i c r o b i o l o g i c a l  c o r r o s i o n .  To a l a r g e  

e x t e n t ,  cathodic p r o t e c t i o n  i s  i n e f f e c t i v e  i n  disbDnded a r e a s .  

Ca thodic  p r o t e c t i o n  i n c r e a s e s  t5e p H  i n  t h e  sur rounding  electro- 

l y t e ,  which damages many c o a t i n g  m a t e r i a l s .  

Ca thodic  p r o t e c t i o n  has bee? found t o  cause  ca lc ium carbon-  

a t e  and magnesium hydroxide d e p o s i t s  t o  form on s tee l  i n  s a l t  

w a t e r .  These n o t  on ly  h e l p  p r o t e c t  t h e  m e t a l ,  b u t  g r a d u a l l y  

r educe  t h e  c a t h o d i c  p r o 5 e c t i o n  c u r r e n t  as w e l l .  The best  coat- 

i n g s  w ~ x e  found to be formed a t  lower c u r r e n t  d e p s i t i e s  (.: 1 5 0  

mA/sq f t )  a r d  t o  c o n s i s t  p r i m a r i l y  of calc:-um ca rbona te .  One 

can  c a u s e  s i m i l a r  i k p o s i t s  t o  form on b u r i e d  2 i p e  by adding  

calcium b ica rbonaks  t o  t h e  backf il-1 and appSyi,:g cathodic pro-  

t e c t i o n .  

There appears  t o  $e n- e n t i r e - - y  s a t i s f a c t o r y  c r i t e r i o n  f5r 

v e r i f y i n g  t h a t  cathcdic p r 3 z  2ctlor h i2S  been achieved. 2otei i t ials  

canno t  be made too n e g a L v e  D?- cr\z.-:ings a r e  disbonded.  Most of 



t h e  companies surveyed used a p i p e  p o t e n t i a l  of 0 . 8 5  volt rela- 

t i v e  t o  t h e  copper s u l f a t e  e l e c t r o d e  a s  t h e i r  c r i t e r i o n  f o r  

c a t h o d i c  p r o t e c t i o n .  

a 300-mV d i f f e r e n c e  between t h e  e n e r g i z e d  and t h e  o r i g i n a l  

open c i r c u i t  p o t e n t i a l s .  

more t han  one c a t h o d i c  p r o t e c t i o n  c r i t e r i o n .  

The second m o s t  common c r i t e r i o n  used w a s  

Most of t h e  companies surveyed used 

P i p e l i n e s  p a s s i n g  under roadways are f r e q u e n t l y  encased i n  

o u t s i d e  m e t a l  c a s i n g s .  There  i s  ev idence  t o  t h e  e f f e c t  t h a t  

such c a s i n g s  are  unnecessary  f o r  s t r u c t u r a l  s a f e t y .  Fu r the r-  

more, when t h e  me ta l  c a s i n g  becomes s h o r t e d  t o  t h e  p i p e ,  c a t h o d i c  

p r o t e c t i o n  is i n e f f e c t i v e .  The companies surveyed had a t o t a l  of 

2 2 , 6 6 9  c a s i n g s  s h o r t e d  t o  t h e  carrier p i p e ,  Over 300 leaks w e r e  

r e p o r t e d  i n s i d e  c a s i n g s  f o r  1 9 6 9 .  

3. C o n s t r u c t i o n ,  I n s p e c t i o n ,  and Maintenance 

T o  e n s u r e  good c o r r o s i o n  c o n t r o l ,  one must n o t  on ly  d e s i g n  

t h e  c o n t r o l  systems p r o p e r l y ,  b u t  a l s o  draw up detailed s p e c i-  

f i c a t i o n s ,  i n s p e c t  t h e  work, and p e r i o d i c a l l y  ma in t a in  t h e  

system. 

clamps t o  r e p a i r  a t  leas t  some of t h e i r  l eaksp  w h i l e  5 4  p e r c e n t  

r e p l a c e d  p o r t i o n s  c+ t h e  p ipe .  

p i p e  w a s  t h e  l e a k  h i s t o r y .  The n o s t  common annua l  s u r v e i l l a n c e  

Irethod w a s  a p i p e- t o- s o i l  potc5nt ia l  s u r v e y ,  w h i l e  t h e  second 

rest cc.mmon was l i n e  c u r r m t  measurement. The 3 7 3  o p e r a t i n g  

companies r e p o r t e d  2 5 2 , 5 5 2  c o r r o s i o n  .',eaks 6urincj 1 9 6 9  f o r  

1 , 3 6 9 , 9 4 7  m i l e s  of  p i p e .  

S ix ty- one  p e r c e n t  of  t h e  surveyed companies used 

The Rain c r i t e r i o r l  f o r  r e p l a c i n g  



SECTION I11 

FORMS OF CORROSION 

1st 2nd 3rd 4 th  5 t h  6 t h  

Two hundred and f i f t y - t h r e e  of t h e  surveyed o p e r a t i n g  com- 

p a n i e s  i n d i c a t e d  i n  t h e  q u e s t i o n n a i r e  t h a t  t h e y  de t e rmine  t h e  

p robab le  t ype  of c o r r o s i o n  w i t h  r e g a r d  t o  c o r r o s i o n  l e a k s .  

3 summarizes o p i n i o n s  as t o  t h e  m o s t  p r e v a l e n t  c a u s e s  i n  each  

company. 
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18 
. .. . . 



Galvan ic  c e l l  c o r r o s i o n  w a s  t h e  m o s t  p r e v a l e n t  cause  accord-  

i n g  t o  284 companies. S t r a y  c u r r e n t  w a s  t h e  second most p r e v a l-  

e n t  cause  f o r  150  companies. For 1 9  companies s t r a y  c u r r e n t  w a s  

t h e  major problem. M i c r o b i o l o g i c a l  metabolism w a s  a p p a r e n t l y  

a s i g n i f i c a n t  cause  f o r  c o r r o s i o n  f o r  3 0  p e r c e n t  of  t h e  companies 

p o l l e d .  Many companies a p p a r e n t l y  f e l t  t h a t  stress c o r r o s i o n  

c r a c k i n g  and c o r r o s i o n  f a t i g u e  w e r e  a p r e v a l e n t  c a u s e ,  b u t  on ly  a 

few l e a k s  due t o  stress c o r r o s i o n  c r a c k i n g  and c o r r o s i o n  f a t i g u e  

have been r e p o r t e d .  

Table 4 g i v e s  t h e  supplementa l  measurements t h a t  companies 

heve used t o  i d e n t i f y  causes  of c o r r o s i o n  l e a k s .  

TABLE 4 

MEASUREMENTS THAT qAVE BEEN USED FOR I D E N T I F I C A T I O N  
OF CAUSES O F  CORROSION LEAKS 

-- 
Number of  
C omp a n i  e s 

(A) Coat ing  Thickness  137 

( E )  C h e m i c a l  Ana lys i s  of S o i l  47  

( C )  P i p e  P o t e n t i a l  275 

( D )  Maximum P i t  Depths at Adjzcent  Corroded A r e a s  
Wi tb in  t h e  Excava,",ion 187  

( E )  Me ta l l -u rg ica l  Ana.lyris  46 

(F)  Redox P o t e n t i a l  9 

( G )  S o i l  pF; 88 

( H )  S o i l  R e s i s t i v i t y  2 3 0  

:I) Q u a l i t a t i v e  F i e l d  Tes .1  f o r  S u l f i d e  I o n  5 c  

;J> P o t e n t i a l  or C u r r e n t  w i t h  Tespee t  t o  Fore ign  
S t r u c t u r e  219  
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There are two compel l ing  r e a s o n s  f o r  s t u d y i n g  t h e  under-  

ground c o r r o s i o n  p roces se s .  These are: (1) To d e f i n e  t h e  con- 

d i t i o n s  and c o n s t i t u e n t s  i n  t h e  soil which c o n t r i b u t e  t o  t h e  s o i l ’ s  

c o r r o s i v e n e s s ,  and ( 2 )  T o  d e f i n e  t h e  r e a c t i o n s  a t  and n e a r  t h e  

m e t a l  s u r f a c e  so as t o  p rov ide  a t h e o r e t i c a l  b a s i s  f o r  cathodic 

p r o t e c t i o n  c r i t e r i a  t o  s u p p l a n t  t h e  e m p i r i c a l  methods i n  p r e s e n t  

use .  
- 

D e f i n i t i o n  of t h e  s o i l  c o n d i t i o n s  which c o n t r i b u t e  t o  co r ro-  

s i v e n e s s  would make t h e  s o i l  c o r r o s i v i t y  survey  more p o s i t i v e  i n  

r e s u l t s  and of g r e a t  economic v a l u e  t o  i n d u s t r y .  However, o n l y  

a f e w  of t h e  o p e r a t i n g  companies i n  t h e  United S t a t e s  s t r i v e  for 

t h i s  o b j e c t i v e  as  shown by T a b l e  4 .  

Many operators r e l y  upon soil r e s i s t i v i t y  as a measure of t h e  

s o i l ’ s  c o r r o s i v e n e s s .  T h i s  i n d i c a t o r  i s  inadequa te  t o  comple te ly  

d e f i n e  c o r r o s i v i t y .  A n e u t r a l  c a rbona te  s o i l  would be r e l a t i v e l y  

lnnocuous compared t o  one cofi.taining s o l u b l e  c h l o r i d e s  and s u l -  

fa tes  a t  t h e  same r e s i s t i v i t y .  Many s i m i l a r  comparisons can be 

made where r e s i s t i v i t y  a l o n e  i s  seen  i;o be i n s u f f i c i e n t  informa-  

t i o n  f o r  p r e d i c t i n g  c o r r o s i v i t y .  

The p i p e  p o t e n t i a l  ( P a r t  C of Table  4 ) ,  i n c l u d i n g  t h a t  w i t h  

r e s p e c t  t o  ne ighbor ing  p i p e l i n e s  ( P a r t  J of Table  4 ) ,  i s  used ex-  

t e n s i v e l y  t o  f i n d  t h e  cause  of c o r r o s i o n  leaks. The nagn i tude  of 

a s t e a d y  p o t e n t i a l  can o f t e n  detect lack of c a t h o d i c  p r o t e c t i o n ,  
* 

s v e r p r o t e c t i o n ,  g a l v a n i z  ac t iv i” :y  and c a t h o d i c  i n t e r f e r e n c e ,  . 
F l u c t u a t i n g  c u r r e n t s  are h e l p f u l  i n  d i s c o v e r i n g  t h e  sou rce  of 

i n t e r f e r e n c e  c u r r e n t .  



1. B a s i c  Cor ros ion  Mechanisms 

Corros ion  i s  an e l e c t r o c h e m i c a l  p r o c e s s  w i t h  a n  anodic  re- 

a c t i o n  as  

Fe Fe2+ f 2 e-  

and such c a t h o d i c  r e a c t i o n s  as  

2H’ + 2e- H2, o r  (Eq. 2) 

(Eq. 3 )  -b O2 + 2H20 + 4e- + 40H- 

Once formed, t h e  Fe2+ i s  n o t  normal ly  s t a b l e ,  b u t  reacts wi th  oxy- 

gen and water t o  form magne t i t e ,  Fe304, o r  h e m a t i t e ,  Fe203*3H2. 

Th i s  l a t t e r  compoundl bo th  dehydra ted  and v a r i o u s l y  h y d r a t e d ,  i s  

c a l l e d  r u s t .  The e q u i l i b r i u m  e x i s t i n g  between i r o n  and i t s  c o r r o-  

s i o n  p roduc t s  may be found by thermodynamic c a l c u l a t i o n s .  The 

r e s u l t s  are p r e s e n t e d  i n  t h e  form of phase  d iagrams ,  o f t e n  r e f e r -  

r e d  t o  i n  c o r r o s i o n  t h e o r y  as Polxba ix  p l o t s .  

I t  i s  g e n e r a l l y  thought  t h a t  l e r t a i n  r e g i o n s  on a g iven  p i e c e  

of s tee l  are anodes whi le  o t h e r  p a r t s  are ca thodes .  These r e g i o n s  

pay be m i c r o s c o p i c a l l y  n e a r  one a n o t h e r  o r  very f a r  a p a r t .  Micro- 

e l e c t r o d e  exper iments  have confirmed t h a t  some r e g i o n s  are pr imar-  

i l y  anodic  and. o t h e r s  are c a t h o d i c  ( 7 7 9 ) .  

I n  r e c e n t  y e a r s ,  mclch a t t e n t i o n  has  been devoted  t o  uncover- 

i n . 5  t h e  reactior. nechan i sns  a t  t h e  e l e c t r o d e s ,  s i n c e  t h e  above re- 

acticrls a r e  merely what i s  e x t e r n a l l y  observed  and t e l l  no th ing  

zbout t h e  v a r i o u s  s t e p s  i w o l v e c !  (758,  760, 7 6 1 ,  766-768). Even 

WithoLt t h i s  d e t a i l e d  cnowledgc, howeiwr, one can p r o f i t a b l y  make 

use  ;f t h e  concep t s  o f  e lectrcie  k i n e t i c s .  I n  corrosio:, t h i s  

takc.c; t h e  form of mixed p o t e n t i a l  t h2o ry  ( 7 6 3 ) .  Consider  t h e  re-  

ac’:!-on of Equat ion 1 t a k i n c  p l a c e  3.t an e l e c t r o d e .  E l e c t r o a s  a r e  
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be ing  l iberated a t  the me ta l  s u r f a c e  wh i l e  p o s i t i v e  i o n i c  c u r r e n t  

flows i n t o  t h e  e l e c t r o l y t e .  As t h e  e l e c t r o d e  i s  made more p o s i t i v e ,  

t h e  rc:action r a t e  increases as shown i n  F igu re  1. Soon, however, 

i r o n  p a s s i v a t e s  and the r e a c t i o n  r a te  d e c r e a s e s .  

t e n t i a l s  a g a i n  cause  t h e  c u r r e n t  t o  i n c r e a s e .  P a s s i v a t i o n  r e s u l t s  

from t h e  fo rmat ion  of a s o l i d  f i l m  a t  t h e  metal s u r f a c e  which 

i n t e r f e r e s  w i t h  i o n  and e l e c t r o n  f l o w .  

Very h igh  po- 

On t h e  o t h e r  hand, t h e  i r o n  can a l s o  serve as an electrode 

f o r  a c a t h o d i c  r e a c t i o n ,  such as Equat ion 3 .  For t h i s  r e a c t i o n ,  

t h e  r a te  i n c r e a s e s  a s  t h e  s u r f a c e  i s  made more n e g a t i v e .  I f ,  a s  

i s  u s u a l ,  t h e  metal s u r f a c e  has  bo th  anodic  and c a t h o d i c  r e g i o n s ,  

t h e n  both r e a c t i o n s  proceed s imu l t aneous ly .  I f  no e x t e r n a l  sou rce  

o r  s i n k  of e l e c t r o n s  

must be e q u a l  a t  t h e  

The l i n e a r  c o r r o s i o n  

i V corr  m 
nFA R =  

i s  a v a i l a b l e ,  t hen  t h e  r a t e  of both  r e a c t i o n s  

p o i n t  where t h e  cu rves  i n  F igu re  1 c r o s s .  

r i t e ,  R ,  is r e l a t e d  t o  t h i s  i n t e r s e c t i o n  by 

where icorr i s  t h e  c o r r o s i o n  cur ren t ,  (gLvep by t h e  i n t e r s e c t i o n  

of c u r v e s  i n  F i g u r e  1), Vm is the  molar volume of t h e  m e t a l ,  n i s  

t h e  number of e l e c t r o n s  zxchanged i n  t h o  anod ic  c o r r o s i o n  r e a c t i o n  

( t w o  i n  Equat ion 11, F is F a r a d a y ' s  c o n s t a n t  and A i s  t h e  s u r f a c e  

area of t h e  m e t a l .  I n  t h e  case of  s e v e r a l  s imul taneous  anodic  

reac-c ions ,  t h e  I-E cu rves  fo r  each  are added and t h e  sys tem a g a i n  

3 p e r a t e s  a t  t h e  in te rsec t : -on  of t h e  cu rves .  

The o r i g i n s  of t h e  anodic  a d  ca t i iod ic  c u r v e s  ?.re t h e  p o i n t s  

at which fqrward and reverse r e a c t i o n s  are t a k i n g  p l a c e  a t  e q u a l  

v e l o c i t i e s  !-.e., e q u i l i b r i u m  for t h a t  p a r t i c u l a r  r e a c t i o n .  The 
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Figu re  1. Mixed Fotent i -a1 Diagram for Corros ion  of I r o n  
(Schemzti.,-) 

p o t e n t i a l s  a t  t h o s e  p o i n t s  are g iven  by t h e  h a l f - c e l l  p o t e n t i a l ,  

which, u s i n g  Equat ion 3 as an example, may be g iven  by t h e  f ami l-  

i a r  Nerns t  Equat ion of  cke rn i cz l  thermodym.mics, 



where Eo i s  t h e  s t a n d a r d  half- cel l  p o t e n t i a l  f o r  u n i t  a c t i v i t i e s  

of  r e a c t a n t s  and p r o d u c t s ,  R i s  t h e  g a s  c o n s t a n t ,  T i s  a b s o l u t e  

temyjerature,  n i s  t h e  number of e l e c t r o n s  i n  t h e  r e a c t i o n  ( f o u r  

f o r  t h i s  example) ,  F i s  F a r a d a y ' s  c o n s t a n t ,  and t h e  a ' s  a r e  a c t i v -  

i t i e s ,  which e q u a l  c o n c e n t r a t i o n s  f o r  i d e a l  mix tu re s .  Note t h e  

c o n c e n t r a t i o n  of r e a c t a n t s  i n f l u e n c e s  t h e  p o t e n t i a l  a t  t h e  o r i g i n s .  

The mixed p o t e n t i a l  t h e o r y  i s  n o t  o n l y  u s e f u l  c o n c e p t u a l l y ,  

b u t  a l s o  p r o v i d e s  t h e  basis fo r  i n s t a n t a n e o u s l y  measur ing c o r r o-  * 

s i o n  ra tes  and s tudy ing  electrode r e a c t i o n  mechanisms. An e x t e r -  

n a l  p o t e n t i a l  i s  a p p l i e d  and t h e  c u r r e n t  measured. The c u r r e n t  

observed w i l l  a c t u a l l y  be t h e  d i f f e r e n c e  between t h e  t w o  c u r v e s  

of F i g u r e  1 a t  some s p e c i f i e d  p o t e n t i a l .  Thus, p o t e n t i a l  and 

c u r r e n t  measurements of t h e  sys tem shown i n  F i g u r e  1 would y i e l d  

t h e  c a t h o d i c  p o l a r i z a t i o n  cur-Je of F igu re  2 and t h e  anodic  p o l a r -  

i z a t i o n  cu rve  of F i g u r e  3 .  

K i n e t i c  s t u d i e s  ha.ve shown t h a t  severa.1 s t e p s  are involved  i n  

n e t  c a t h o d i c  an2 n e t  anodic  r e a c t i o n s ,  T h e o r e t i c a l l y ,  when one 

step c o n t r o l s  t h e  rate of an e l e c t r o d e  p r o c e s s ,  the  k i n e t i c s  

follow the  T a f e l  equatj-on ( 7 6 6 ,  7 6 5 ) ,  

T-I = a - + @ I n  i (Eq* 6) 

where q i s  t h e  over:potectia?- Ideviatio,? of p o t e n t i a l  f r o m  t h e  

reversible v a l u e ) ,  3 i s  <;he v a l u e  of q a t  c u r r e n t  i = 1, and f3 i s  

t h e  "beta c o n s t a n t ,  "Tzfe.?.. constan", 'I o r  "Tafel s lope.  T h i s  

e q u a t i m  i m p l i e s  a s ' x a i g h +  l i n p  v i  sFnilogarithmic p l o t s  as i r  

p o r t i o n s  of  t h e  c u r v e s  of F i g u r e  1. 

effects  of v a r y i n g  s o l u t e  c o n c e n t r a t i o n s  pe rmi t  deduc t ions  abou t  

Measurements of 6 and t he  

mechanisms of r e a c t i o n s  a t  electrodes. 
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Figure 2 .  Cathodic P o l a r i z a t i o n  Curve 

Corrosion engineer ing and sc ience  now u t i l i z e  a wide v a r i e t y  

of exper inen ta l  techniques i n  add i t ion  t o  p o l a r i z a t i o n  s t u d i e s .  

These range from simple p i t  depth ,  loss i n  weight,  and th ickness  

measurements t o  very s o p h i s t i c a t e d  methods such as e l l ipsomet ry ,  

e l e c t r o n  diffractic.!n,  r a d i o t r a c e r s ,  and t h e  use of t h e  e l e c t r o n  

microscope (688) .  

2 .  I n t e r n a l  and External  P i p e l i n e  Corrosion 

The bz - i c  mechanisms f o r  cor ros ion  are t h e  same f o r  i n t e r n a l  

and ex tes ,  11 cor;ITasion, al though t i l e _  environments are q u i t e  

d i f f e r e n t .  I n  nost  i n s t a n c e s ,  t h e  e x t e r i o r  environment i s  much 

more cor ros ive  Clan t h e  i n t e r i o r ,  which i s  f o r t u n a t e  because 

cor ros ion  m i t i g a t i o n  i s  much s impler  on t h e  o u t s i d e .  

Roughly 7 5  pe rcen t  of t h e  gas  t ransmiss ion l i n e s  i n  t h e  United 

S ta tes  w e r e  surveyed dur ing  t h e  pe r iod  from 1 J u l y  1 9 6 7  t o  30  June 

2 5  
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Figure 3 .  Anodic Po l a r i za t i on  Curve. 

1 9 6 8  50 determine causes of  p i p e l i n e  f a i l u r e s ;  t h e  survey covered 

30th  p r e se rv i ce  tes ts  and i n se rv i ce  ope ra t i ona l  f a i l u r e s  ( 5 8 6 ) .  

The primary cause of t e s t  f a i l u r e s  w a s  t h e  l ong i t ud ina l  weld, 

:..-hereas e x t e r n a l  dar.?.;e (bu l ldozer ,  d i t c h e r ,  e t c  .) w a s  t h e  p r i m e  

cau.se i n  ope ra t i ona l  f a i l u r e s ,  w i t h  co r ros ion  and t h e  l ong i t ud ina l  

weld as t h e  nex t  most f requen t  causes.  A number of  f a i l u r e s  i n  

o l d e r ,  uncoated l i n e s  or  poor ly  coated l i n e s  w e r e  found t o  have 

occnrred as a r e s u l t  of e x t e r n a l  cor ros ion .  I n  t he se  f a i l u r e s ,  

c 

t 
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t h e  w a l l  t h i c k n e s s  i s  g r a d u a l l y  reduced t o  t h e  p o i n t  a t  which 

f a i l u r e  r e s u l t s .  Hydrogen c r a c k i n g  i n  hard  s p o t s  i n  t h e  p i p e  

w a l l  w e r e  found t o  have caused  f a i l u r e s  a f t e r  t h e  p i p e  had been 

i n  s e r v i c e  f o r  2 t o  1 5  y e a r s .  Hard s p o t s  a r e  l o c a l i z e d  hard  re-  

g i o n s ,  u s u a l l y  w i t h  ha rdnes se s  i n  t h e  range  of Rockwell C 39 t o  

51,  t h a t  have ranged f r o m  about  2 t o  1 0  i n c h e s  i n  d i ame te r  i n  t h e  

base  metal. S t r e s s - c o r r o s i o n  c r a c k s  i n  m o s t  i n s t a n c e s  w e r e  found 

i n  areas t h a t  w e r e  e s s e n t i a l l y  f r e e  from bo th  p i t t i n g  c o r r o s i o n  

and g e n e r a l  c o r r o s i o n .  A few f a i l u r e s  from hydrogen b l i s t e r s  

w e r e  found i n  g a t h e r i n g  l i n e s  c o n t a i n i n g  sour  g a s .  F a i l u r e  can 

occur  from format ion  of a b l i s t e r  on e i t h e r  t h e  i n s i d e  o r  o u t s i d e  

s a r f a c e  of  t h e  p i p e  r e s u l t i n g  from g e n e r a t i o n  of atomic hydrogen 

i n  t h e  a t t a c k  of  t h e  s tee l  by t h e  H2S and mo i s tu re  i n  t h e  sou r  

g a s .  Long i tud ina l  weld f a i l u r e s  i n  s e r v i c e  p i p e  were found t o  

have r e s u i t e d  frcm s e l e c t i v e  c o r r c s i o n  and hydrogen c r a c k s  i n  hard 

r e g i o n s .  

Table  5 i n d i c a t e s  t h e  most p r e v a l e n t  c i r cums tances  under which 

c o r r o s i o n  leaks  of c o a t e d  p i p e  have been found by t h e  373 o p e r a t -  

i n g  companies d u r i n g  t h e  l a s t  S ive  y e a r s .  A s  may be seen ,  t h e  

most p r e v a l e n t  causes  of l z a k s  a r e  a t  l o c a t i o n s  of e x t e r n a l  damage 

and improper ly  a p p l i e d  c o a t i n g ,  i r r e g a r d l e s s  of  whether  t h e  p i p e  

i s  c a t h o d i c a l l y  p r o t e c t e d  o r  - o t .  

Table 6 l i s t s  t h e  nurnbe.: 0 2  l e a k s  i n  .'369 t h a t  occu r r e2  a t  

j o i n t s  and welds.  For  ex3mple. e i g h t  companies had one cr two 

compression c o u p l i ~ z ~  l e a k s  whereas 2 0  companies had o v e r  1-5 .'_eaks. 

The companies w i t h  ove r  1 5  l e a k s  g e n e r a l l y  hsd B d e f i c i e n t  p i p i n g  

system wi th  many l e a k s  a t  t h e  j o i n t s .  W i t ?  t'?e 2xrleption of  a 

2 '7 



TABLE 5 

MOST PREVALENT CIRCUMSTANCES UNDER WHICH CORROSION LEAKS OF COATED 
PIPE HAVE BEEN FOUND DYJKING THE LAST 5 YEARS 

II_ .- 
Order of Frequency 

--1_1_ 

C a t h o d i c a l l y  P r o t e c t e d  1st 2nd 3rd 4 th  5 t h  6 t h  
Number of Companies 

( A )  Corrosion a t  Improperly Applied Coat ing 55 56 2 0  4 4 1 

Cons t ruc t ion  or Subsequently Abraded by Others  81  35 15 5 5 0 

N Root Growth 4 2 2  23 1 5  1 3  2 

(D)  Corrosion Beneath Unbonded Coat ing 1 3  22  28 1 6  6 1 

(E)  F a i l u r e  of t h e  Coat ing Material 1 2  1 3  1 3  11 1 2  1 

(B) Corrosion Where Coat ing H a s  C l e a r l y  Been Damaged During 

(C)  Corrosion Where Coat ing Is Ruptured by Soil Stress or  

0) 

N o t  C a t h o d i c a l l y  P r o t e c t e d  
1st 2nd 3rd 4 t h  5 t h  6 t h  

Number of C o m D a n i e s  

(A)  Corrosion a t  Improperly Applied Coat ing 43 65 28 6 2 1 

( B )  Corrosion Where Coating H a s  C l e a r l y  Been Damaged During 
Cons t ruc t ion  o r  Subsequent ly  Abraded by Othe r s  1 0 8  4 2  1 7  2 0 0 

(c j  c o r r o s i o n  Where Coatirig 1s Ruptured by S o i l  S t r e s s  o r  
Root Growth 8 1 9  18  2 1  15 1 

(Dj Corrosion Beneath Unbonded Coat ing  5 -10 36 23 11 1 

(E)  F a i l u r e  of t h e  Coat ing  Material 11 18 15 1 2  11 1 



TABLE 6 

NUMBER OF CORROSION LEAKS OCCURRING I N  1 9 6 9  AT J O I N T S  AND WELDS 

J O I N T S  
Number o f  Leaks 

1- 2  3-4 5-6 7-15 o v e r  15  

( A )  Compression Couplings 8 6 1 2  11 20 

(B)  Threaded Couplings & Flanged J o i n t s  1 9  11 3 26 3 3  

( C )  Other  5 4 2 3  1 5  

WELDS 
N u m b e r  of Leaks 

( A )  L o n g i t u d i n a l  Fac to ry  Welds 8 4 4 2  1 2  

( B )  S p i r a l  F a c t o r y  Welds 0 0 0 0  2 

( C )  F i e l d  Welds 6 9 3 0  2 7  

few e x i s t i n q  p i p i n g  sys tems ,  t h e  l e a k s  at. j o i n t s  and w e l d s  are 

i n s i g n i f i c a n t  when compared t o  $he t o t a l  number of l e a k s .  

3. Uniform Corros ion 

Uniform removal of m e t a l  i s  t h e  l eas t  t roublesome of  t h e  

v a r i o u s  forms of c o r r o s i o n .  However, it i s  t h e  eas ies t  form o f  

c o r r o s i o n  t o  s t u d y ,  and as a r e s u l t  much of o u r  fundamental  know- 

l e d g e  of c o r r o s i o n  comes from r e F e a r c h  on uni form c o r r o s i o n  

p r o c e s s e s .  For example, t h e  uni form c o r r o s i o n  ra te  i s  what one 

d e t e r m i n e s  d i r e c t l y  from p c l a r i m t : - o n  s t u d i e s  ( 7 ,  537) Errors  

can  ar ise ,  however, i f  a n o t h e r  e.-odic react im i s  o f  conparab le  

magnitude t o  t h e  m e t a l  rernovE1 r e a c t l o r . .  T h i s  h a s  a r i s e n ,  f o r  

example, Zrom t h e  o x i d a t i o n  c.5 hydrogen under p r e s s u r e  (hydrogen 

exchange! ? w i n g  c o r r o s i o n  i n  a s e a l e d  a c t o c l a v e  ( 5 4 7 ) .  Cor ros ion  

c u r r e n t  \&73s 9.8 t i m e s  t h e  a c t u a l  z o r r o s i o n  r a t e .  Cathodic  p o l a r -  

2 3  



i z a t i o n  s t u d i e s  o f  i r o n  i n  one normal halogen a c i d  showed t h e  

hydrogen coverage t o  be n e a r  one monolayer a t  t h e  c o r r o s i o n  poten-  

t i a l  ( 1 5 3 ) .  Th i s  s e e m s  t o  i n d i c a t e  t h a t  n e a r l y  t h e  e n t i r e  i r o n  

s u r f a c e  f u n c t i o n s  as a ca thode  d u r i n g  c o r r o s i o n  and t h a t  o n l y  a 

s m a l l  p a r t  o f  t h e  s u r f a c e  undergoes d i s s o l u t i o n  a t  any g iven  t i m e .  

R a d i o t r a c e r  s t u d i e s  o f  i r o n  i n  water r e v e a l e d  t h a t  no c o r r o s i o n  

t a k e s  p l a c e  i f  oxygen i s  excluded and t h a t  n e g l i g i b l e  exchange 

of i r o n  atoms w i t h  t h e  s o l u t i o n  t a k e s  p l a c e  ( 2 6 5 ) .  

A f t e r  a f i l m  w a s  formed on i r o n  i n  w a t e r  c o n t a i n i n g  oxygen, 

t h e  T a f e l  p o r t i o n  of  t h e  p o l a r i z a t i o n  cu rve  w a s  found t o  change 

i n  s l o p e  ( 6  d e c r e a s e d )  as t h e  f i l m  t h i c k n e s s  i n c r e a s e d  ( 2 3 5 ) .  

For t h i n  f i l m s  it w a s  concluded t h a t  t h e  charge  passed  w a s  used 

FYI t h e  format ion  of  i ron- ion  vacancy- elec t ron  p a i r s  and f o r  

t r a n s f e r  of  oxygen frorn t h e  s o l u t i o n  t o  t h e  o u t e r  l a y e r  of t h e  

ox ide .  The f i e l d  d r i v e s  i o n s  th rough  t h e  l a y e r  ( 4 7 8 ) .  I n  t h e  

t r a n s i e n t  s t a te  t h e r e  i s  a nonzero charge  d i s t r i b u t i o n  i n  t h e  

l a y e r  which s lowly  decays  when s t e a d y  s t a te  c u r r e n t  i s  restored. 

(Th i s  may be r e l a t e d  t o  t h e  e f f e c t  o f  AC on c o r r o s i o n . )  

been suqges t ed  t h a t  t h e  f i l m  c o n t i n u o u s l y  d i s s o l v e s  and so must  be 

r e g e n e r a t e d  t o  m a i n t a i n  p a s s i v i t y  ( 6 9 2 ) .  The e f f e c t s  o f  complexing 

a g e n t s ,  p o t e n t i a l s ,  i n h i b i t o r s ,  and double  l a y e r  on c o r r o s i o n  w e r e  

I t  has 

e x p l a i n e d  by t h e i r  i n f l u e n c e  on d i s s o l u t i o n  o f  t h e  f i l m .  

4 .  P i t t i n g  
(. 

S t e e l  p i p e  g e n e r a l l y  does  n o t  f a i l  by uniform c o r r o s i o n .  I t  . 
f a i l s  p redomina te ly  by l o c a l i z e d  z t t a c k  i n  t h e  form of p i t s .  

P i t s  appear  t o  be i n i t i a t e d  wheP loca l  p e n e t r a t i o n  o f  t h e  s u r f a c e  

f i l m  occu.rs on s teel  g e n e r a l l y  p rDtec t ed  by t h e  f i l m .  That i s ,  



it i s  a form of a t tack i n t e r m e d i a t e  between g e n e r a l  a t t ack  and 

complete  p a s s i v a t i o n .  When t h e  f l u i d  i n  a p i p e  i s  under  p r e s s u r e ,  

a p i p e  may p o s s i b l y  f a i l  by f r a c t u r e  before t h e  p i t  comple te ly  

p e n e t r a t e s  t h e  w a l l  ( 5 9 8 ) .  

Most p i t t i n g  appea r s  t o  be a s s o c i a t e d  w i t h  c h l o r i d e  i o n s .  

B r o m i d e  and h y p o c h l o r i t e s  cause  p i t t i n g ,  wh i l e  f l u o r i d e s  and 

iodides have l i t t l e  e f f e c t .  Ca thodic  r e a c t i o n s  occu r  on t h e  s u r -  

face of t h e  s teel ,  w h i l e  anodic  d i s s o l u t i o n  takes p l a c e  i n  t h e  

p i t .  Thus, an e x c e s s  of p o s i t i v e  charge  i s  produced i n  t h e  p i t ,  

which a t t rac t s  t h e  n e g a t i v e  c h l o r i d e  i o n s  ( 7 6 9 ) .  I t  has been 

c la imed  t h a t  p i t t i n g  i s  more s e v e r e  on t h e  t o p  s i d e  of p i p e  t h a n  

on the bottom because  t h e  s o l u t i o n  i n  t h e  p i t s  i s  h e a v i e r  thar! 

t h e  surrcmnding electrolyte  ( 7 6 9 ) ;  however, a n a l y s e s  of e x t e n s i v e  

f i e l d  expe r i ence  on b u r i e d  p ipe lFnes  have shown t h a t  p i t s  occu r  

more o f t e n  on t h e  bottom of p i p e s .  T h i s  As a t t r i b u t a b l e  t o  

s e v e r a l  factors  -- a h ighe r  s a l t  c o n c e n t r e t i o n  and mo i s tu re  con-  

t e n t  a t  t h e  bottom because  of d r a i n a g e  and- because  t h e  s o i l  i s  

packed more t i g h t l y  there,  and a lower oxygen c o n c e n t r a t i o n  be- 

cause  of t h e  g r e a t e r  d i s t a n c e  f r o m  t h e  sc i l  s u r f a c e .  T h i s  o f fe r s  

one e x p l a n a t i o n  :or p i t  i n i t i a t i o n  on p o l y c r y s t a l l i n e  s tee l  s u r -  

faces. Commonly, p i t s  appear  t o  be p r e f e r e n t i a l  i n  l o c a t i o n  and 

d i r e c t i o n ,  p robably  fo l l owing  v e i c ?  of h igh  impur i t y  c o n t e n t  i n t r o -  

d x e e  d u r i n g  c a s t i n g ,  r o l l i n g ,  e t c .  S k c e  p i t t i n g  i s  a s t a t i s t i -  

ca l  phenomenon, %he maximum pi’, Cepth ircrpases as t h e  s u r f a c e  

ares of  .?he sample increases ,  o f t e n  bel-9 Dzopor t iona l  t o  t h e  0 . 1 5  

p w e r  ~f t h e  area ( 6 5 7 ) .  



I t  has  been found i n  p o l a r i z a t i o n  s t u d i e s  t h a t  when p o t e n t i a l s  

on p a s s i v e  s u r f a c e s  are lowered,  a p o i n t  i s  reached where t h e  

c u r r e n t  r a p i d l y  i n c r e a s e s .  T h i s  has been i n t e r p r e t e d  as due t o  

i n i t i a t i o n  and a u t o c a t a l y t i c  growth of p i t s .  The breakdown po- 

t e n t i a l  ha s  been cal led t h e  "c r i t i ca l "  o r  " p i t t i n g "  p o t e n t i a l ,  

w i t h  t h e  s u g g e s t i o n  t h a t  p i t t i n g  does  n o t  occu r  a t  more a c t i v e  

( n e g a t i v e )  p o t e n t i a l s .  Thus, measurements of p i t t i n g  p o t e n t i a l  

have been employed t o  compare p i t t i n g  t e n d e n c i e s  of metals and 

e l e c t r o l y t e s  ( e . g . ,  1 5 4 ,  7 7 2 ,  2 8 5 ) .  However, t h i s  p rocedure ,  and 

i n  f a c t  t h e  whole concep t ,  has  r e c e n t l y  been s e v e r e l y  c r i t i c i z e d .  

I n  one pape r  it w a s  concluded t h a t  p i t t i n g  p o t e n t i a l  i s  r e l a t e d  

t o  p i t t i n g ,  b u t  ques t i oned  t h a t  it i s  a b a s i c  character is t ic  of 

t3e a l l o y  ( 7 7 0 ) .  I t  w a s  found t h a t  t h e  ra te  of potent iodynamic 

scanning and t i m e  of h c l d i n g  Zur ing p o t e c t i o s t a t i c  p o l a r i z a t i o n  

have a marked e f fec t  on t h e  measured va lue  of c r i t i ca l  p o t e n t i a l .  

I t  has  been found thak  t h e  rates and t y p e s  of c o r r o s i o n  of s t a i n -  

less s teel  i n  chlor ide  media were q u i t e  d i f f e r e n t  f o r  c o n t r o l l e d  

p o t e n t i a l  c o r r o s i o n  tests than  w i t h  conven t iona l  c o r r o s i o n  tests 

under i d e n t i c a l  c o n d i t i o n s  of c o n c e n t r a t i o n ,  t empera tu re ,  and 

po ten t i a? .  ( 7 7 1 ) .  The electrochemical tests more o f t e n  produced 

p i t t i n g .  These r e s u l t s  w e r e  a t t r i b u t e d  t o  t h e  m i g r a t i o n  and 

surZace accumulat ion of C 1 -  d u r i n g  p o t e n t i a l  measurements. 

Cons iderab le  ev idence  has  been accumulated t o  show t h a t  

c h l a r i d e  i o n  causes  breakdown of t h e  p a s s i v e  f i l m .  I n  p o l a r i z a -  

t im s t u d i e s  w i t h  C1- added t o  a s o l u t i o n  c o n t a c t i n g  p a s s i v e  i r o n ,  

it w z s  foun6 t h a t  an  :xduc t ion  p e r i o d  i s  n e c e s s a r y  before t h e  

anod tc  c u r r e n t  i n c r e a s e s  ( 7 7 3 ) .  "he i n 2 u c t i o n  p e r i o d  w a s  i n -  

. 

. ,  

. 
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v e r s e l y  p r o p o r t i o n a l  t o  t h e  C1- c o n c e n t r a t i o n ,  w i t h  a minimum 

c o n c e n t r a t i o n  r e q u i r e d  f o r  a t t a c k  ( 3 2 8 ) .  A f r e s h l y  p a s s i v a t e d  

s u r f a c e  w a s  less r e s i s t a n t  t o  C1- t han  one a t  s t e a d y  s t a t e .  

These r e s u l t s  have been exp la ined  by m i g r a t i o n  of  C 1 -  th rough  t h e  

f i l m .  A second i n d u c t i o n  p e r i o d  has  a l s o  been obse rved ,  beyond 

which porous  y-Fe203*H20 grows on t h e  s u r f a c e ,  a l l owing  e a s y  loca l  

d i s s o l u t i o n  l e a d i n g  t o  p i t t i n g  ( 7 7 3 ) .  

Once i n i t i a t e d  a p i t  r a p i d l y  deve lops  i n t o  t h e  c o n f i g u r a t i o n  

diagrammed i n  F igu re  4 .  A l l  o f  t h e  f a c t o r s  i n f l u e n c i n g  t h e  p ro-  

g r e s s  and development of a p i t  d u r i n g  underground c o r r o s i o n  could  

n o t  conven ien t ly  be i nc luded  i n  a s i n g l e  diagram.  H o w e v e r ,  t h i s  

diagram, supplemented by Table  7 ,  s u f f i c e s  f o r  d e s c r i p t i o n  of  t h e  

more e v i d e n t  c h a r a c t e r i s t i c s .  

Thu.s r e f e r r i n g  t o  F igu re  4 :  

(1) The l i q u i d- g a s  i n t e r f a c e  shown a t  t h e  t o p  r anges  from t h e  

l i q u i d  boundary of  a p a r t i a l l y  o r  f u l l y  submerged p i p e l i n e  t o  t h e  

t h i n  f i l m  of mo i s tu re  e i t h e r  on t h e  p i p e  s u r f a c e  o r  b r i d g i n g  a 

s o i l  p a r t i c l e  and t h e  p i p e .  The a v a i l a b i l i t y  o f  g a s e s  a t  t h e  p i p e  

may Se s e v e r e l y  l i m i t e d  i n  t h e  f i r s t  c a s e ,  whereas i n  an 3pen 

t e x t w e e .  s o i l  t h e  g a s  may be abundant ly  a v a i l a b l e  through. a t h i n  

mo i s tx re  f i l m  and i s  q u i c k l y  r e p l a c e d  i f  consamed. 

(2) Four g a s e s  a r e  shown i n  e q u i l i b r i u m  wi th  t h e  l i q u i d  

phase .  Oxygen and hydrogen s u l f i d e  a r e  s o l u b l e  i n  water ,  wh i l e  

carbon d i o x i d e  and ammoni?. react  w i t h  water t o  form new i o n i c  

q e c i e s :  

( a )  Oxygen., compris ing o n e - f i f t h  of t h e  e a r t h ’ s  a tmosphere ,  

i s  wel.’- d i s p e r s e d  i n  open t e x t u r e d  soil; it is a l s o  produced by 
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Figure 4.  Schematic Representation of the Underground Corrosion' Process 



TABLE 7 

SOME O X I D E S ,  SULFIDES,  AND SALTS OF IRON APPEARING 

Subs tance  

Fe r rous  hydroxide  

F e r r i c  hydroxide  

F e r r o s o f e r r i c  oxide 

Fe r rous  s u l f i d e  

F e r r i c  s u l f i d e  

F e r r o u s  c h l o r i d e  

Fe r rous  s u l f a t e  

(a )  Not normal ly  WI 

I N  CORROSION PRODUCTS 

Formula 

( a )  Fe(0H) 2 ; F e O - H 2 0  

Fe2O3*3H20;Fe (OH) (b 

Fe 0 ;Fe203*Fe0 ( C )  
3 4  

FeS 

Fe2S3 
F e C l 2 - 4 H 2 0  ( d )  

FeS04-7H20 (d) 

t t e n  as t h e  hydratec 

S o l u b i l i t y  
- 

Colo r ,  Form 

White , 
c r y s t a l l i n e  

Red-yellow t o  
brown 

Black , 
g r a n u l a r  

Black t o  
brown 

Yellow-green 

Blue - green 

Blue -green 

ox ide  s i n c e  F e O  i s  black 
(b )  Rare ly  w r i t g e n  as t h e  hydroxide  
(c) The ox ide  i s  magnet ic  and h a s  an  a f f i n i t y  f o r  w a t e r ,  i . e . ,  

Fe3C4 'H20  

(d )  These s a l t s  p r e c i p i t a t e  w i t h  f i x e 2  p r o p o r t i o n s  o f  w s . t e r  

(1) Highly  i n s o l u b l e  
(2) S o l u b l e  i n  a c i d  
( 3 )  So lub l e  i n .  a c i d  i n  t h e  p r e sence  of  oxygen 
( 4 )  Highly s o l u b l e  
(5) S o l u b l e  i n  a l k a l i  

p l a n t  l i f e  wnich may cause  t h e  c o n c e n t r a t i o n  i x  s o i l  mo i s tu r e  t o  

read- v a l u e s  w e l l  above t h e  normal 9 t o  1 0  ;arts p e r  m i l l i o n .  The 

oxygen c c n c e n t r a t i o n  i s  probab ly  n e a r  t h e  e q u i l i b r i u m  v a l u e  a t  a l -  

m o s t  e v e r y  p o i n t  i n  b a c k f i l l e d  s o i l .  

Ib) Hydrogen s u l f i d e  i s  an end p roduc t  o f  t h e  r e d u c t i o n  

of s u l f a t e  i o n  by anae rob i c  b a c t e r i a  2nd i s ,  u n l i k e  oxygen, p ro-  

ducec! i n  m i l  and o f t e n  a t  t h e  ~ i p e  s u r f a c e ,  



(c)  Carbon d i o x i d e ,  impor t an t  i n  t h e  l i f e  c y c l e ,  reacts 

wi th  water t o  form t h e  d i p r o t i c  a c i d  which d i s s o c i a t e s  as shown. 

I t  i s  of e i t h e r  a tmospher ic  or  b i o l o g i c a l  o r i g i n .  

i n i t i a t i n g  f a c t o r .  

I t  i s  an 

( d )  Ammonia, f r e q u e n t l y  i n t roduced  i n t o  t h e  s o i l  as a 

f e r t i l i z e r ,  reacts w i t h  water t o  form ammonium and hydroxide i o n s .  

( 3 )  The p r o d u c t  o f  t h e  c o n c e n t r a t i o n s  of t h e  components of 

. 

d i s s o c i a t e d  water and t h e  consequent  r e l a t i o n  between t h e  pH and 

pOH are a p p r o p r i a t e l y  shown i n  t h e  c e n t r a l  p o r t i o n  of  t h e  diagram. 

The h y d r a t i o n  of hydrogen i o n s  and t h e  e q u i l i b r i u m  c o n s t a n t  are 

a lso shown t h e r e .  

- 

(The unhydrated p r o t o n ,  H', i s  e v i d e n t l y  non- 

e x i s t e n t .  However, it i s  used i n  t h e  f i g u r e  f o r  s i m p l i c i t y .  I t  

is t o  be r e a d  as the  hydronium i o n ,  H30 . )  + 

(4) A p i t  is shown i n  t h e  p i p e  w a l l  a t  t h e  bottom of  t h e  

page a long  wi th  t h e  uncorroded area t o  t h e  l e f t ,  i n  o r d e r  t o  

i l l u s t r a t e  t h e  w e l l  e s t a b l i s h e d  e l e c t r o c h e m i c a l  t h e o r y  of co r ro-  

s i o n .  I n  t h e  i d e a l  case a l a r g e  c a t h o d i c  area i s  c o n c e n t r i c  

w i th  the  anodic  p i t  where i r o n  goes i n t o  s o l u t i o n  and g i v e s  

e l e c t r o n s  t o  t h e  m e t a l .  These e l e c t r o n s  move t o  t h e  c a t h o d i c  

areas where t h e y  p a r t i c i p a t e  i n  a r e d u c t i o n  p r o c e s s  such as 

i l l u s t r a t e d  by Equa t ions  2 and 3 .  

s o l u t i o n  c a r r y i n g  two p o s i t i v e  cha rges  w i thou t  n e g a t i v e l y  charged 

i o n s  be ing  a v a i l a b l e  to ba lance  t h e  charge .  E i t h e r  one doubly 

charged an ion  such as s u l f a t e  o r  a p a i r  of s i n g l e  charged i o n s  

such as  OH- , Cl-, Qr HS- must be prov ided .  I f  t h e  e l e c t r o l y t e  

a t  t h e  p o i n t  of c o r r o s i o n  i s  a l k a l i n e ,  f e r r o u s  hydroxide p r e -  

The i r o n  atom canno t  go i n t o  

- 

I 

c i p i t a t e F ,  
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A s  c o r r o s i o n  p roceeds ,  t h e  a n i o n s  move th rough  t h e  

e l e c t r o l y t e  ( s o i l ,  water) a long  an arc toward t h e  anode,  whi le  

t h e  c a t i o n s  f o l l o w  s i m i l a r  p a t h s  t o  t h e  ca thode .  The l a r g e r  arc 

shows t h e  d i r e c t i o n  of f l o w  of t h e  i o n s  u s u a l l y  found i n  s o i l .  

The s o l u t i o n  th rough  which s o l u b l e  s a l t s  a r e  t r a n s f e r r e d  from one 

area t o  a n o t h e r  under t h e  e lec t r i c  g r a d i e n t  e s t a b l i s h e d  between 

anode and ca thode  i s  t h e  e l e c t r o l y t e  and,  l o g i c a l l y , . t h e  e l e c t r o -  

l y t e  a t  t h e  anode i s  t h e  a n o l y t e  and t h a t  a t  t h e  ca thode ,  t h e  

c a t h o l y t e .  

I f  t h e  t r a n s p o r t  arcs are imagined t o  be s h o r t e n e d ,  t o  

t h e  p o i n t  t h a t  t h e  a d j a c e n t  r e a c t i n g  s u r f a c e s  are of atomic dimen- 

s i o n s ,  t hen  t h e  p r o c e s s  i s  r e f e r r e d  t o  as chemical  c o r r o s i o n  and 

a more g e n e r a l  a t t a c k  of t h e  c o r r o d i n g  s u r f a c e s  r e s u l t s .  

According t o  c lassical  theo ry ,  t h e  r e a c t i o n  a t  t h e  anode 

i s  conf ined  t o  t h e  fo rmat ion  O X  f e r r o u s  i o n .  But t h e r e  i s  e v i -  

dence t h a t  o t h e r  r e a c t i o n s  can s o m e t i m e s  occur  t h e r e .  Th i s  w i l l  

be d i s c u s s e d  l a te r .  

Shown toward t h e  l e f t  i n  t h e  f i g u r e  are f o u r  r e d u c t i o n  

r e a c t i o n s .  Two r e a c t i o n s  account  f o r  t h e  d i s p o s i t i o n  of t h e  same 

number of e l e c t r o n s  as r e l e a s e d  a t  t h e  anode. Two show d i s p o s i -  

t i o n  of monatomic ( n a s c e n t )  hydrogen ( a )  by e v o l u t i o n  of hydrogen 

.. gas, and ( b )  by r e a c t i o n  wi th  oxygen t o  form w a t e r .  I n  e lectro-  

l y t e s  low i n  pH t h e  f o r r n a t i m  of molecu la r  hydrogen i s  f avo red .  

On t h e  o t h e r  hand, abundant oxyqen i s  known t o  d e p o l a r i z e  

cathodes in e l e c t r o l y t e s  'n.j-gh i n  pH. A fifth react ion i n  t h e  

f i g u r e  emphasizes t h e  tendency of t h e  c s t h o l y t e  t o  i n c r e a s e  i n  

pH a s  c o r r o s i o n  proceeds .  
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( 5 )  Over lay ing  t h e  p i t  are zones of a c o r r o s i o n  p roduc t  

m a n t l e  i l l u s t r a t e d  i n  t h e  form of a rainbow. The o x i d a t i o n  s t a t e  

of  t h e  i r o n  i n  t h e  ox ides  i n c r e a s e s  ou tward ly  from f e r r o u s  th rough  

f e r r o s o f e r r i c  t o  fe r r ic .  The o r d e r  o f  appearance o f  t h e s e  o x i d e s  

i s  i n v a r i a n t .  Some p r o p e r t i e s  of t h e  o x i d e s  are shown i n  t h e  

diagram and a r e  supplemented i n  Table 7 .  Fe r rous  and fe r r ic  hy- 

d r o x i d e  have each been found a l o n e  i n  t h e  f i e l d  -- t h e  former 

. 

under anae rob ic  c o n d i t i o n s  and t h e  l a t t e r  under s t r o n g l y  aerobic 

exposu re s .  Fe r rous  hydroxide i s  found,  f o r  example, i n  w e t  c l a y s  

a long  t h e  banks of "bayous" i n  Texas. T h e  w h i t e  ox ide  changes 

on exposure  t o  a i r  t o  t h e  f a m i l i a r  red-brown fe r r ic  ox ide .  P u r e  

w h i t e  f e r r o u s  hydroxide has  been observed i n  p i t s  benea th  a b i-  

tuminous c o a t i n g  on p i p e  under c a t h o d i c  p r o t e c t i o n ,  which produces  

a r educ ing  environment.  Pure fer r ic  hydroxide has been produced 

under a h igh  p o t e n t i a l  i n  t h e  preser?ce of oxygen and has  been 

observed i n  t h e  f i e l d  under s imi la r  c o n d i t i o n s .  All three o x i d e s  

have been r e p o r t e d  i n  c o e x i s t e n c e  i n  n a t u r e  and a l l  three can 

e a s i l y  be produced i n  "rainbow" o r d e r  i n  t h e  l a b o r a t o r y .  

Magne t i t e  has  been found n e i t h e r  a l o n e  nor  i n  combinat ion w i t h  

f e r r o u s  hydroxide .  The overwhelmingly p r e v a l e n t  combinat ion i s  

magnet ic  ox ide  o v e r l a i n  w i t h  f e r r ic  ox ide .  Even i n  d r i e d  samples  

of these ox ide  scales removed f r o m  p i p e  and i r o n  s t r u c t u r e s  above 

ground there always remains  an u n d e r l a y e r  of magne t i t e .  The 

o x i d a t i o n  neve r  seems complete even upon pro longed  exposure  t o  

a i r .  F e r r o u s  and ferr ic  ox ide  hslve n o t  been observed  together 

w i thou t  t h e  i n t e r m e d i a t e  ox ide .  

. 

. 
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There are two i n t e r e s t i n g  c h a r a c t e r i s t i c s  of t h e  c o r r o-  

s i o n  p r o d u c t  m a n t l e .  F i r s t ,  c o n s i d e r a b l e  q u a n t i t i e s  o f  w a t e r  

are consumed i n  t h e  p r e c i p i t a t i o n  o f  t h e  o x i d e s .  Second, t h e  

release of  hydrogen i o n  t e n d s  t o  c a r r y  water away from t h e  c o r r o-  

d i n g  area due t o  h y d r a t i o n .  T e s t s  on samples o f  r u s t  t a k e n  i n  

t h e  f i e l d  show t h a t  t h e  pH of Zone I11 i s  o f  t h e  o r d e r  of  3 .5 ,  

whereas t h e  pH o f  t h e  a n o l y t e  i s  o n l y  s l i g h t l y  a c i d i c ,  a s  i n d i -  

c a t e d  i n  t h e  f i g u r e .  

The o r d e r l y  f low of  a n i o n s  i s  i n t e r r u p t e d  i n  Zone I11 by 

r e a c t i o n  o f  incoming s u l f i d e s  and c a r b o n a t e s  w i t h  hydrogen i o n s  

and consequent  e v o l u t i o n  o f  hydrogen s u l f i d e  and carbon d i o x i d e  

and n e u t r a l i z a t i o n  o f  hydroxide  i o n s .  I r o n  s u l f i d e s  have n o t  

been found i n  Zone 111. N i t r a t e  i o n s ,  g e n e r a l l y  ra re  i n  s o i l ,  

presumably o x i d i z e  t h e  i r o n  o x i d e s  t o  t h e  f e r r i c  s t a t e .  These 

r e a c t i o n s  t h u s  a l l o w  o n l y  t h e  c h l o r i d e  and s u l f a t e  i o n s ,  and 

p o s s i b l y  b i s u l f i d e ,  t o  r e a c h  t h e  a n o l y t e .  On t h e  o t h e r  hand, 

t h e  o r d e r l y  f low of  c a t i o n s  i s  u n i n t e r r u p t e d  t o  t h e  m e t a l  s u r -  

face,  where magnesium and ca lc ium i o n s  p r e c i p i t a t e  as hydroxides  

and c a r b o n a t e s .  There hydrogen i o n s ,  i f  any,  are a l s o  n e u t r a l i z e d .  

Sgdium and po tass ium i o n s  accumulate a t  t h e  s u r f a c e ,  and t h e  pH 

t e n d s  t o  i n c r e a s e .  

Two f a c t s  o f  i n t e r e s t  i n  t h e  movement o f  t h e  i o n s  a re :  

( a )  t h a t  w h i l e  t h e  c u r r e n t  d e n s i t y  i n  t h e  c a t h o d i c  area i s  a 

maximum n e a r  t h e  p i t ,  i t  a t t e n u a t e s  r a p i d l y  w i t h  i n c r e a s e  i n  t h e  

r a d i u s  o f  t h e  t r a n s p o r t  a r c ;  and (b) t h a t  d i f f u s i o n ,  predominates  

over  t h e  m i g r a t i o n  of t h e  i o n s  due t o  t h e  i n f l u e n c e  o f  t h e  e lec-  

t r i c  f i e l d  e s t a b l i s h e d  by t h e  c o r r o s i o n  p r o c e s s e s .  
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( 6 )  The c o r r o s i o n  p roduc t  mant le  i s  never  as  i d e a l l y  con- 

s t i t u t e d  as d e p i c t e d  i n  t h e  f i g u r e .  The magnet ic  ox ide  f i l l s  and 

o v e r l a y s  t h e  p i t  i n  t h e  absence of f e r r o u s  hydroxide.  I t  i s  

porous  and e s s e n t i a l l y  f r e e  of condensed mo i s tu re .  T h e  p a r t i c i -  

p a t i o n  of water i n  t h e  fo rmat ion  of t h e  s e v e r a l  o x i d e s  has  been 

mentioned. Added t o  t h i s  d r y i n g  e f fec t  i s  t h e  r e p u l s i o n  of hydro-  . 
nium i o n s  by t h e  e lec t r ic  f i e l d .  However, t h e  v o i d s  are s a t u r a t e d  

w i t h  wa te r  vapor .  

t h e  a n o l y t e  i s  b a r e l y  a c i d  and t h e  b l ack  o x i d e  may e x h i b i t  a 

g r e e n i s h  cast i n d i c a t i n g  i t s  s a t u r a t i o n  w i t h  f e r r o u s  c h l o r i d e .  

Pale green  c r y s t a l s  o f  t h i s  s a l t  have been p icked  from t h e  b l ack  

g r a n u l a r  mass. They deve lop  a t h i n  brownish coat on exposure  t o  

a i r .  Water of c r y s t a l l i z a t i o n  f u r t h e r  d e p l e t e s  t h e  a n o l y t e  of 

f r e e  water. 

- 
I n  accord w i t h  thermodynamic c o n s i d e r a t i o n s ,  

Chemical  a n a l y s i s  of material  i n  p i t s  has been more ex t en-  

s ive i n  p i p e  coa t ed  w i t h  cement mortar t h a n  w i t h  p i p e  e i ther  bare 

or coa t ed  w i t h  o r g a n i c  materials.  I n  t h e s e  a n a l y s e s  t h e  r a t i o  of 

i r o n  t o  c h l o r i n e  i s  always i n  good agreement w i t h  f e r r o u s  chlor-  

i d e  s t o i c h i o m e t r y .  S u l f a t e  and o ther  i o n s  appear  i n  t h e  a n o l y t e  

i n  traces only, The mortar reacts w i t h  s u l f a t e  i o n  and i n h i b i t s  

i t s  t r a n s p o r t  t o  t h e  p i t .  

( 7 )  The mechanism f o r  t h e  format ion  of magne t i t e  i s  obscu re .  

The p r o b l e m a t i c a l  e q u a t i o n s  i n  t h e  mant le  are i n t e n d e d  p r i m a r i l y  

t o  s h o w  t h e  end p r o d u c t s  and t o  g i v e  a r e a s o n a b l e  accoun t  of t h e i r  

fo rmat ion  i n  accord  w i t h  o b s e r v a t i o n .  A nurqber of o ther  e q u a t i o n s  

cou ld  be w r i t t e n  b u t  t h e s e  would be e q u a l l y  s p e c u l a t i v e .  However, 

there i s  ev idence  t h a t  magne t i t e  forms spontaneous ly  f r o m  f e r r o u s  

. 
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hydroxide w i t h  e v o l u t i o n  of hydrogen. 

e x p l a i n  t h e  fo rmat ion  of magne t i t e  i n  b o i l e r  t u b e s .  

i s  thermodynamically p o s s i b l e .  

formed t h e  f e r r o s o f e r r i c  ox ide  s eeds  i t s  con t inued  p roduc t ion .  

O n  t h e  o t h e r  hand ,  mounting ev idence  shows t h a t  under h igh  a e r a-  

t i o n  fe r r ic  i o n  forms d i r e c t l y  from the  metal. 

of t h e  Fe,Fe3+ couple  would f a v o r  t h i s  r e a c t i o n  i n  a s o l u t i o n  

s a t u r a t e d  w i t h  f e r r o u s  c h l o r i d e  combined w i t h  a h i g h l y  aerated 

ca thode  p rov ided ,  of c o u r s e ,  t h a t  t h e  a c t i v i t y  of t h e  f e r r i c  

i o n  i s  main ta ined  e s s e n t i a l l y  a t  z e r o  by p r e c i p i t a t i o n  of t h e  

T h i s  r e a c t i o n  i s  used t o  

The r e a c t i o n  

I t  has been sugges ted  t h a t  once 

Thus t h e  p o t e n t i a l  

- 

magnet ic  ox ide .  

(8) The o v e r a l l  p o t e n t i a l  of t h e  going c e l l  may be approxi-  

mated by thermodynamic c a l c u l a t i o n s .  

e q u i l i b r i u m  w i t h  i t s  sa l ts  F e C 1 2 - 4 H 2 0  and FeS04-7H 2 0 as  r e q u i r e d  

by t h e  schematic, are r e a d i l y  computed (Table 7 ) .  T h e  p o t e n t i a l s  

of t h e  hydrogen and oxygen e l e c t r o d e s  p r e s e n t  problems r e l a t i n g  

t o  t h e  a b s o r p t i o n  of hydrogen by i r o n  and l a c k  of i n fo rma t ion  

on t h e  r e a c t i o n s  a t  t h e  e l e c t r o d e  s u r f a c e s .  F u r t h e r  compl ica t ing  

t h e  approximat ions ,  t h e  s u b s t a n t i a l  redox p o t e n t i a l  between Zones 

I1 and I11 must be t aken  i n t o  account .  I t  would appear  easy  t o  

measure t h e  a c t u a l  p o t e n t i a l  i n  t h e  a n o l y t e  and t h e  redox poten-  

t i a l  i n  Zone I11 and t h e  ca thode  p o t e n t i a l  i n  a case approaching 

t h e  i dea l .  Some such measurements have beer! made i n  t h e  f i e l d .  

The mixed p o t e n t i a l  t a k e n  r emote ly ,  as on t h e  s u r f a c e  of the  

earth ove r  t h e  p i p e ,  i s  poor ly  i n f o r m a t i v e  e x c e p t  w i t h  r e s p e c t  

t o  t h e  order of the  r e a c t i o n  on t h e  m e t a l  s u r f a c e .  T h i s  i s  

g e n e r a l l y  found t o  be b i f a r a d a i c  ( two e l - ec t roxs  exchanged) ,  i n  

The p o t e n t i a l  of i r o n  i n  

,. 
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accord  w i t h  c lass ica l  t heo ry .  As a p r a c t i c a l  matter, oppor tun i-  

t i e s  f o r  t es t  are few. Excava t ions  are g e n e r a l l y  made f o r  r e p a i r  

of p i p e ,  and i n  such cases t h e  c o r r o s i o n  cel ls  are d e s t r o y e d  by 

e s c a p i n g  o i l ,  gas, o r  water. 

As a matter of  i n t e r e s t ,  i t  is no ted  a t  t h i s  p o i n t  t h a t  oxy- 

gen may p l a y  t h r e e  roles i n  t h e  c o r r o s i o n  p r o c e s s ,  namely, (a )  

removal of adsorbed and absorbed hydrogen,  (b)  i t s  d i r e c t  reduc-  

t i o n  a t  t h e  ca thode ,  and (c) i t s  r e d u c t i o n  w i t h i n  t h e  mant le  t o  - 
form f e r r i c  ox ide .  Perhaps  t h e  r e a c t i o n  

4Fe2+ + O2 + 2H20 = 4Fe3+ + 4 0 H -  (Eq. 7) 

should  be  i nc luded  i n  d i s c u s s i o n s  of basic mechanisms. 

The i n f l u e n c e  of  b a c t e r i a  and s u l f i d e s  on p i t t i n g  w i l l  be  

d i s c u s s e d  la ter .  

5. Crevice Cor ros ion  

I n t e n s e  l o c a l i z e d  c o r r o s i o n  f r e q u e n t l y  o c c u r s  w i t h i n  s h i e l d e d  

areas exposed t o  c e r t a i n  environments .  Sh i e lded  areas are ex-  

pec t ed  when porous  g a s k e t s  are employed, when l a r g e  dense  r o c k s  

c o n t a c t  b a r e  p i p e s ,  under f r a c t u r e d  o r  disbonded c o a t i n g s ,  e tc .  

The mechanism of attack i s  though t  t o  be  s imilar  t o  t h a t  fo r  p i t -  

t i n g ,  e x c e p t  t h a t  t h e r e  i s  no n e c e s s i t y  f o r  i n i t i a l l y  forming a 

s h i e l d e d  area. 

i o n  h y d r o l y s i s ,  d i f f e r e n t i a l  a e r a t i o n  c o n t r i b u t e s  t o  c r e v i c e  corro- 

s i o n  (and also t o  p i t t i n g ) ,  e s p e c i a l l y  i n  t h e  e a r l y  s t a g e s .  S i n c e  

oxygen has d i f f i c u l t y  moving i n t o  a c r e v i c e ,  t he  c o n c e n t r a t i o n  

of oxygen w i t h i n  t h e  c r e v i c e  soon f a l l s  below t h a t  a t  t h e  ex-  

t e r n a l  s u r f a c e .  Equat ion 5 i n d i c a t e s  d i f f e r e n t  p o t e n t i a l s  

I n  a d d i t i o n  t o  c h l o r i d e  i o n  m i g r a t i o n  and f e r r o u s  

. 

. 
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between t h e  e x t e r i o r  and crevice, making them c a t h o d i c  and anod ic ,  

r e s p e c t i v e l y .  

Crevice c o r r o s i o n  of mi ld  s t ee l  i n  NH NO s o l u t i o n s  w a s  found 4 3  

t o  be maximum under c o n d i t i o n s  of  weak p a s s i v a t i o n  ( 4 8 5 ) .  I n  

- crevice c o r r o s i o n  of s t a i n l e s s  s teel  i n  seawater, it w a s  found 

t h a t  t h e  en t r apped  c o r r o d e n t  had a pH below t w o  and c o n t a i n e d  

f e r r o u s  b u t  n o t  f e r r i c  i o n s  ( 5 8 4 ) .  E y d r o l y s i s  o f  chromic i o n s  

w a s  t hough t  t o  occur  w i t h  s t a i n l e s s  s teel  i n  a d d i t i o n  t o  hydro l-  

y s i s  o f  f e r r o u s  i o n s  t o  lower p H .  

C rev i ce  c o r r o s i o n  of s t a i n l e s s  s tee l  o n l y  occu r r ed  below a 

Ch lo r ide  i o n s  f a c i l i t a t e d  c r i t i c a l  p o t e n t i a l  i n  d i l u t e  H2S04. 

s p r e a d i n g  of  a t t a c k  (487). 

6 .  Galvanic  Cor ros ion  

I t  i s  w e l l  known that ,  when a more nob le  m e t a l  i s  i n  c o n t a c t  

w i t h  i r o n  t h e  c o r r o s i o n  r a te  of t h e  i r o n  i s  a c c e l e r a t e d  because  

i t  has  a lower p o t e n t i a l .  Comparison of g a l v a n i c  c o r r o s i o n  re- 

s u l t s  w i th  s t a n d a r d  EMF v a l u e s  shows t h a t  t h i s  i s  n o t  p r e c i s e l y  

t r u e .  Galvanic  c o r r o s i o n  can o n l y  be w e l l  unders tood  by s tudy-  

i n g  mixed p o t e n t i a l  behav io r ,  as i l l u s t r a t e d  by F i g u r e  5. The 

main r ea son  t h e  c o r r o s i o n  r a te  i s  a c c e l e r a t e d  i s  t h a t  t h e  c a t h o d i c  

r e a c t i o n  i s  f a s t e r ,  so t h a t  t h e  n e t  anodic  d i s s o l u t i o n  r e a c t i o n  i s  

f a s t e r .  I f  t h e  o t h e r  meta l ' s  c a t h o d i c  r e a c t i o n  i s  s u f f i c i e n t l y  

f a s t  and i t s  anodic  r e a c t i o n  i s  s low,  t h e n  it can  a c c e l e r a t e  t h e  

c o r r o s i o n  of i r o n  even though it has  a lower s t a n d a r d  p o t e n t i a l .  

The magnitude of t h e  e f f e c t  depends on t h e  r e l a t i v e  s i z e  o f  t h e  

m e t a l s .  The i r o n  nezxes t  t h e  f o r e i g n  metal i s  a f f e c t e d  m o s t  

s e v e r e l y .  



icorr 
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F i g u r e  5. Mixed P o t e n t i a l  Curve f o r  Galvanic  Corrps ion  of More 
Noble Metal  M Having Higher Rate of Cathodic  Reac t ion  

h 
Even two d i f f e r e n t  s teel  a l l o y s  i n  c o n t a c t  create a g a l v a n i c  

coup le  and a c c e l e r a t e  c o r r o s i o n  of  one of them. Thus,  s t a i n l e s s  
$ 

doubled t h e  c o r r o s i o n  r a t e  of carbon steel i n  a e r a t e d  3 .5- percent  

N a C l  when t h e  areas w e r e  e q u a l  and i n c r e a s e d  t he  r a t e  by e i g h t  t o  

n i n e  t i m e s  when t h e  s t a i n l e s s  had an area e i g h t  t i m e s  as l a r g e  

( 7 8 4 ) .  C e r t a i n  c o r r o s i o n  p r o d u c t s  can  be c a t h o d i c  w i t h  r e s p e c t  
. 

t o  s tee l .  Thus, f o r  example, new p i p e  i n  a r u s t e d  l i n e  w i l l  be * 

anod ic  and c o r r o d e  p r e f e r e n t i a l i y .  A r e c e n t  survey  of p i p e l i n e  

c o r r o s i o n  a t  23 U . S .  Navy l o c a t i o n s  r e v e a l e d  t h a t  many f a i l u r e s  

w e r e  caused by use  of d i s s i m i l a r  n e t a l a .  
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Galvanic  c e l l s  w e r e  named as t h e  most p r e v a l e n t  cause  for 

c o r r o s i o n  by m o r e  companies ( 7 6  p e r c e n t )  surveyed than  any o t h e r  

cause .  

7 .  Corros ion  by S t r a y  C u r r e n t s  and High Vol tage D i r e c t  Cu r r en t  

Equat ion 1 shows t h a t  anodic  d i s s o l u t i o n  t a k e s  p l a c e  where 

( p o s i t i v e )  c u r r e n t  l e a v e s  t h e  p i p e .  I f  e lec t r ic  f i e l d s  are 

p r e s e n t  i n  t h e  s o i l ,  c u r r e n t  w i l l  f low i n  t h e  p i p e .  Where t h e  

c u r r e n t  e x i s t s ,  c o r r o s i o n  w i l l  t a k e  p l a c e  acco rd ing  t o  Equat ion 4 .  

Thi s  amounts t o  0 .55  m i l s  p e r  y e a r  f o r  a c u r r e n t  d e n s i t y  o f  1 

mA/square f t .  I f  a c o a t i n g  of  l o w  e l ec t r i ca l  c o n d u c t i v i t y  i s  

a p p l i e d  t o  t h e  p i p e ,  t h e  c o r r o s i o n  w i l l  be even more r a p i d  a t  

t h e  h o l i d a y s  because  t h e  c u r r e n t  i s  t h e n  c o n c e n t r a t e d  i n  smal l  

s p o t s .  

S t r a y  c u r r e n t s  w e r e  second o n l y  t o  g a l v a n i c  c e l l s  i n  caus ing  

c o r r o s i o n  leaks accord ing  t o  t h e  companies surveyed (Table  3 ) .  

A major source  of s t r a y  c u r r e n t  i s  e lec t r i c  r a i l w a y s  ( 3 3 3 ) .  

This  can be minimized by u s i n g  a w e l l  i n s u l a t e d  roadbed and 100- 

p e r c e n t  r a i l  r e t u r n  f o r  t h e  DC. 

Ca thodic  p r o t e c t i o n  of one underground s t r u c t u r e  can induce  

s t r a y  c u r r e n t s  and c o r r o s i o n  i n  nearby  s t r u c t u r e s  and i s  known 

as " i n t e r f e r e n c e . "  Th i s  may be a l l e v i a t e d  by j o i n i n g  nearby 

s t r u c t u r e s  w i th  e lec t r i ca l  c a b l e  and p r o v i d i n g  p r o t e c t i o n  j o i n t l y .  

A t o t a l  of 1 2 , 4 0 8  d r a i n a g e  bonds between t h e  companies'  p i p i n g  and 

o t h e r  s t r u c t u r e s  w a s  r e p o r t e d  by t h e  surveyed companies. Many of 

t h e  bonds con ta ined  r e s i s t o r s  and d i o d e s  t o  c o n t r o l  t h e  magnitude 

and t h e  d i r e c t i o n  of  t h e  c u r r e n t  flow between s t r u c t u r e s .  The 

l a r g e s t  c u r r e n t  w a s  1 5 0  A w i t h .  t h e  zverage  f o r  many companies 

4 5  



around 7 A p e r  major bond. T h e  m a j o r i t y  of t h e  bonds c a r r i e d  

0 . 5  t o  5 A.  Th i s  i m p l i e s  a minimum of 1 2 , 0 0 0  amperes be ing  ex-  

changed by t h e  companies p a r t i c i p a t i n g  i n  t h e  q u e s t i o n n a i r e  su rvey .  

The e f f e c t  of s t r a y  c u r r e n t s  on p i p e s  can be i so la ted  by 

i n t e r r u p t i n g  t h e  e l e c t r i c a l  c o n t i n u i t y  o f  t h e  p i p e  a t  i n t e r v a l s  

w i t h  i n s u l a t i n g  f l a n g e s .  I n d i s c r i m i n a t e  u se  of i n s u l a t i n g  4 

f l a n g e s  may cause  problems due t o  d i f f e r e n c e s  o f  p o t e n t i a l  be- 

tween t h e  t w o  s e c t i o n s  of p i p e .  Cathodic  p r o t e c t i o n  i s  v e r y  he lp-  
- 

f u l  b u t  must be coo rd ina t ed  w i t h  o t h e r  nearby c a t h o d i c  p r o t e c t i o n  

v e n t u r e s ,  as  d i s c u s s e d  l a t e r .  A sou rce  of s t r a y  c u r r e n t  may be 

determined by u s i n g  two or  more copper  s u l f a t e  e l e c t r o d e s  t o  

f i n d  t h e  p o t e n t i a l  g r a d i e n t .  The vector sum of two such measure- 

ments i n  p e r p e n d i c u l a r  d i r e c t i o n s  p o i n t s  toward t h e  source of 

s t r a y  c u r r e n t  (568) .  I t  has  been p o i n t e d  o u t  t h a t  v o l t a g e s  are 

induced i n  p i p e l i n e s  p a r a l l e l  t o  overhead h igh  v o l t a g e  AC power 

l i n e s  ( 7 0 1 ) .  When c a t h o d i c  p r o t e c t i o n  w i t h  rec t i f iers  i s  used 

i n  a d d i t i o n  t o  t h e  induced AC, a n e t  DC c u r r e n t  r e s u l t s .  Corro- 

s i o n  can be avoided by a r r a n g i n g  t h e  rect i f iers  so t h a t  induced 

c u r r e n t  i s  d r a i n e d  o f f  i n t o  t h e  ground bed. AC i t s e l f  has been 

found t o  accelerate c o r r o s i o n  s l i g h t l y  -- less t h a n  1 p e r c e n t  of 

t h a t  f r o m  e q u i v a l e n t  DC (354,  683 ) .  O t h e r s  have quoted  a f i g u r e  

of 0 . 1  p e r c e n t  independent  of c u r r e n t  d e n s i t y  ( 4 0 5 ) .  - 
High v o l t a g e  DC (HVDC) power t r a n s m i s s i o n  l i n e s  are p lanned  

for  t h e  n e a r  f u t u r e .  Power  companies have claimed t h a t  e a r t h  . 
c u r r e n t s  w i l l  n e i t h e r  be l a r g e  no r  f r e q u e n t ,  and t h a t  i n  any 

e v e n t ,  t h e  c u r r e n t s  w i l l  l a r g e l y  follow deep s t ra ta  i n  t h e  ear th .  

The p i p e l i n e  i n d u s t r y  and some c o r r o s i o n  c o n s u l t a n t s  d i s a g r e e  
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(253,  3 3 6 ) .  I f  t h e  p i p e l i n e  companies f e a r s  are r e a l i z e d ,  l i t i g a -  

t i o n  f o r  damage i s  l i k e l y .  N o t  o n l y  cou ld  l a r g e  c u r r e n t s  of even 

a few minutes  d u r a t i o n  cause s i g n i f i c a n t  c o r r o s i o n  where t h e  

c u r r e n t  l e a v e s  t h e  p i p e s ,  b u t  c o a t i n g s  can  be damaged where 

c u r r e n t  e n t e r s  t h e  p i p e s .  S ince  t h e  power companies o n l y  e x p e c t  

t o  induce  s t r a y  c u r r e n t s  s e v e r a l  hour s  p e r  y e a r ,  a p o s s i b l e  s o l u-  

t i o n  w i t h  r e s p e c t  t o  c o r r o s i o n  i s  f o r  t h e  HVDC system t o  s h u t  

down, r a t h e r  t h a n  d i v e r t  c u r r e n t  i n t o  t h e  e a r t h  and create a 

d i f f i c u l t ,  random s t r a y  c u r r e n t  s i t u a t i o n .  

S e v e r a l  tes ts  have been conducted t o  de te rmine  HVDC e f f e c t s .  

C u r r e n t s  o f  300 A n e a r  L o s  Angeles had l i t t l e  e f f e c t  on p i p e s  i n  

Los Angeles ,  presumably because of  t h e  h i g h  d e n s i t y  of  p i p e l i n e s .  

F i f t y  m i l e s  from Los Angeles 5 0  mV changes w e r e  observed .  How- 

* 

e v e r ,  on s o m e  p i p e l i n e s  c u r r e n t  w a s  p icked  up i n  damaging amounts 

( 2 6 0 ,  523, 252, 7 2 7 ) .  One s u r p r i s i n g  r e s u l t  o f  t h e  L o s  Angeles 

measurements i s  t h e  random t e l l u r i c  c u r r e n t s  t h a t  w e r e  found. 

These are though t  t o  be due t o  such  s o u r c e s  as s m a l l  s h i f t s  i n  

t h e  e a r t h ' s  magnet ic  f i e l d  and f l u c t u a t i o n s  i n  cosmic r a y s .  A 

s t u d y  on t e l l u r i c  e f f e c t s  concluded t h a t  c o r r o s i o n  i s  i n s i g n i f i -  

c a n t  f o r  c o a t e d ,  p r o t e c t e d  l i n e s  and b a r e  l i n e s  ( 7 9 4 ) .  

U s e  of HVDC deep w e l l  e l e c t r o d e s  does  n o t  n e c e s s a r i l y  l i m i t  

t h e  r i s k s  of  s t r a y  c u r r e n t  ( 2 5 2 ) .  The l o c a t i o n  o f  t h e  e l e c t r o d e s  

i n  r e l a t i o n  t o  p i p e l i n e s  w a s  found t o  be c r i t i c a l .  Loca t ion  o f  

e l e c t r o d e s  i n  t h e  sea w a s  found t o  be b e s t .  More tes ts  are needed 

and are under  way ( 7 2 7 )  . 

* 
September 1 9 6 9  meet ing of Los Angeles Cathodic  P r o t e c t i o n  
Committee. 
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A computer s tudy  showed t h a t  c u r r e n t s  do n o t  p lunge t o  t h e  

core of t h e  ear th .  Depth o f  b u r i a l ,  s o i l  r e s i s t i v i t y ,  and p i p e  

were found t o  have l i t t l e  e f f e c t  on i n t e r f e r e n c e  e f f e c t s .  Larger  

d i ame te r  p i p e  showed l a r g e r  e f fec ts .  T h e  d i s t a n c e  of t h e  p i p e l i n e  

from t h e  HVDC e l e c t r o d e  w a s  found t o  be t h e  major f a c t o r  i n  deter-  

mining t h e  e f f e c t s  on a p i p e l i n e  ( 4 8 8 ) .  4 

Although c a t h o d i c  p r o t e c t i o n  i s  u s e f u l  a g a i n s t  normal i n t e r -  . 
f e r e n c e ,  t h e  HVDC c u r r e n t s  are expec ted  t o  change so r a p i d l y  t h a t  

o r d i n a r y  manually a d j u s t e d  systems cannot  compensate f o r  them. 

Large c u r r e n t  s o u r c e s  w i t h  au toma t i c  c o n t r o l  w i l l  be r e q u i r e d  -- 
and w i l l  be expens ive  ( 3 3 5 ) .  Automatic c o n t r o l  may be r e q u i r e d  

o n l y  f o r  up t o  1 5 0  m i l e s  from t h e  HVDC e l e c t r o d e  ( 7 9 5 ) .  

A s t udy  w a s  made of a h y p o t h e t i c a l  p i p e l i n e  36 i n c h e s  i n  

diameter and 2 5 0  m i l e s  l ong ,  w i t h  5 0 , 0 0 0  ohms-square f o o t  c o a t i n g  

r e s i s t a n c e  ( 7 9 6 ) .  T h e  p i p e l i n e  w a s  assumed t o  be i n  t h e  e lec t r ic-  

a l  f i e l d  e s t a b l i s h e d  by HVDC ear th  c u r r e n t s  and s e p a r a t e d  2 0  m i l e s  

f r o m  t h e  e l e c t r o d e .  Under these c i r cums tances ,  a problem of c o r r o-  

s i o n  and disbanding would e x i s t .  T h e  s t u d y  concluded t h a t :  (1) 

HVDC e f f e c t s  can a t  best o n l y  be m i t i g a t e d  a t  c o n s i d e r a b l e  expense:  

( 2 )  because  of  t h e  w i d e  f l u c t u a t i o n  i n  t h e  amperage o f  HVDC c u r-  

r e n t ,  au toma t i c  r e g u l a t i o n  o f  p r o t e c t i v e  c u r r e n t s  would be neces-  

s a r y  ove r  t h e  l e n g t h  of t h e  b u r i e d  s t r u c t u r e s ;  ( 3 )  f o r  t h e  hypo- 

t h e t i c a l  p i p e l i n e  s t u d i e d ,  n i n e  c o n t r o l l e d  rec t i f ie r  i n s t a l l a -  

t i o n s  would be r e q u i r e d  a t  an  estimated c a p i t a l  cost of about  

$200,000. 

I n  a n o t h e r  s t u d y  ( 7 9 7 ) ,  the  l i t e r a t u r e  and "off - the-shel f"  

equipment w e r e  reviewed t o  de te rmine  t h e  best arrangement  for  
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c o r r e l a t i n g  HVDC c u r r e n t s  w i t h  e a r t h  c u r r e n t s  and c a t h o d i c  p ro-  

t e c t i o n  c u r r e n t s .  For a b o u t  $ 5 , 0 0 0  p e r  assembly ,  equipment can  

be p u t  t o g e t h e r  from a v a i l a b l e  commercial components. Required 

would be a h i g h  impedance d i g i t a l  v o l t m e t e r ,  a paper  t a p e  punch, 

and a p p r o p r i a t e  s w i t c h i n g  and m u l t i p l e x i n g  equipment t o  measure 

several p o t e n t i a l s  a t  one t i m e .  The package c o u l d  o p e r a t e  un- 

a t t e n d e d  f o r  an ex tended  p e r i o d  o f  t i m e  on AC power ( 7 9 7 ) .  

8.  Mechanical S t r e s s  E f f e c t s  

Steel  can  be made t o  f a i l  b o t h  by c o r r o s i o n  and by a p p l i c a t i o n  

o f  s u f f i c i e n t  mechanical  stress. When b o t h  stress and a c o r r o s i v e  

environment are a p p l i e d  s i m u l t a n e o u s l y ,  f a i l u r e  o c c u r s  a t  l o w e r  

levels  of stress and/or  sooner  t h a n  when e i t h e r  ac t  a l o n e .  Severe  

c r a c k i n g  s o m e t i m e s  r e s u l t s  from t h e  a c t i o n  o f  c e r t a i n  c o r r o d e n t s  

on c e r t a i n  metals when a t e n s i l e  stress i s  a p p l i e d .  

Table 3 shows t h a t  a s m a l l  b u t  s i g n i f i c a n t  f r a c t i o n  of t h e  

companies surveyed c o n s i d e r  mechan ica l ly  a i d e d  c o r r o s i o n  t o  be a 

p r e v a l e n t  cause  of l e a k s .  

Some c o r r o s i o n  e n g i n e e r s  d i s t i n g u i s h  between t w o  t y p e s  of 

c r a c k i n g  -- stress c o r r o s i o n  c r a c k i n g  and hydrogen e m b r i t t l e m e n t  

o r  hydrogen stress c r a c k i n g  -- whi le  o t h e r s  do n o t .  I t  i s  

thought  by some t h a t  stress c o r r o s i o n  c r a c k i n g  i s  due t o  stress- 

accelerated d i s s o l u t i o n  a t  t h e  t i p  o f  t h e  c r a c k  and t h a t  c a t h o d i c  

p o l a r i z a t i o n  can e l i m i n a t e  t h e  phenomenon. On t h e  o t h e r  hand,  

hydrogen stress c r a c k i n g  i s  a t t r i b u t e d  by some t o  hydrogen atoms 

d i f f u s i n g  i n t o  t h e  i r o n  and e m b r i t t l i n g  it so t h a t  it c r a c k s  

e a s i l y .  Cathodic  p o l a r i z a t i o n  would worsen t h i s  phenomenon, 

w h i l e  anod ic  p o l a r i z a t i o n  would r e l i e v e  it. C a u s t i c  e m b r i t t l e m e n t  
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i s  t h o u g h t  t o  be hydrogen e m b r i t t l e m e n t  engendered by a h i g h  p H  

envi ronment .  

Related t o  o t h e r  hydrogen e f f e c t s  i s  hydrogen b l i s t e r i n g  i n  

which b l i s te r s  are formed i n  t h e  m e t a l .  B l i s t e r s  g e n e r a l l y  o c c u r  

a t  e l e v a t e d  t e m p e r a t u r e s .  W e t  hydrogen s u l f i d e  can  c a u s e  stress 

c r a c k i n g  ca l led  s u l f i d e  stress c o r r o s i o n  c r a c k i n g  (337,  3 3 8 ) .  6 

One i m p o r t a n t  d i f f e r e n c e  between t h i s  and o t h e r  forms of s tress 

c r a c k i n g  i s  t h a t  t h e  environment i n  s u l f i d e  p r o c e s s e s  i s  u s u a l l y  
1 

i n s i d e  t h e  p i p e  r a t h e r  t h a n  e x t e r n a l ,  as w i t h  most o t h e r  c o r r o-  

d e n t s .  Hydrogen s u l f i d e  i s  found i n  s o u r  gas,  c rude  o i l ,  swamps, 

marshes ,  and open sewage d i s p o s a l  areas. 

Cor ros ion  f a t i g u e  r e f e r s  t o  a c c e l e r a t e d  f a i l u r e  caused by 

s tress c y c l i n g  due t o  t h e  p resence  o f  a c o r r o s i v e  environment.  

The e x a c t  mechanisms r e s p o n s i b l e  f o r  t h e s e  phenomena are u n c e r t a i n  

and may n o t  always be t h e  same. These phenomena are under v e r y  

a c t i v e  i n v e s t i g a t i o n ,  p a r t l y  because so many unanswered q u e s t i o n s  

remain and p a r t l y  because  f a i l u r e  can  be c a t a s t r o p h i c .  

I n  p i p e l i n e s  stresses a r i se  f r o m  i n t e r n a l  h y d r o s t a t i c  p r e s -  

s u r e ,  bending i n  i r r e g u l a r  t r e n c h e s ,  b a c k f i l l ,  e tc .  Res idua l  

stresses are a l so  p r e s e n t  from p l a s t i c  de format ion  i n  manufacture  

and p i p e l a y i n g .  Even t h e  t h e r m a l  stresses o f  welding produce 

r e s i d u a l  stresses. I n  1965 a 24- inch n a t u r a l  g a s  p i p e l i n e  f a i l e d  

f r o m  stress c o r r o s i o n  c r a c k i n g  and 1 7  p e o p l e  w e r e  k i l l e d  ( 6 9 4 ) .  

A r e c e n t  su rvey  showed t h a t  stress c o r r o s i o n  c r a c k i n g  w a s  observed 

i n  a v a r i e t y  of p i p e l i n e s  ( 5 8 6 ) .  F a i l u r e s  and nearby secondary  

c r a c k s  w e r e  a x i a l  and n o t  a s s o c i a t e d  w i t h  w e l d s ,  p i t t i n g ,  g e n e r a l  

c o r r o s i o n ,  o r  any o t h e r  defect. Cracks  fo l lowed  g r a i n  boundar ies  
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and c o n t a i n e d  b l ack  Fe30q c r y s t a l s .  

b a r e  and c o a t e d  p i p e s ,  a l t hough  disbonded c o a t i n g s  were o f t e n  

F a i l u r e s  occu r r ed  on bo th  

a s s o c i a t e d  w i t h  c r ack ing .  D i f f e r e n c e s  i n  t h e  amount of c r ack ing  

were no ted  between d i f f e r e n t  l o t s  of  p i p e  s t ee l  b u t  cou ld  n o t  be  

exp l a ined .  I n  g e n e r a l  t h e  tendency t o  c r a c k  i n c r e a s e s  w i t h  y i e l d  

s t r e n g t h .  Hydrogen stress c r a c k i n g  w a s  found n o t  t o  be  a . p r o b l e m  

u n l e s s  y i e l d  s t r e n g t h  exceeded 130,000 p s i  ( 5 8 7 ) .  The few s e r v i c e  

f a i l u r e s  i n  ga s  t r a n s m i s s i o n  l i n e s  due t o  hydrogen stress crack- 

i n g  w e r e  i n i t i a t e d  a t  i n a d v e r t e n t  ha rd  s p o t s  o r  ha rd  weld zones 

w i t h  u l t i m a t e  s t r e n g t h s  over  175,000 p s i .  Hard s p o t s  i n  p i p e  are 

u s u a l l y  d e t e c t a b l e  as f l a t  r e g i o n s  i n  t h e  p i p e .  S u l f i d e  c r ack ing  

a l s o  i n c r e a s e s  as y i e l d  s t r e n g t h  i n c r e a s e s  ( 3 3 7 ) .  Hard e l e c t r i c  

r e s i s t a n c e  welds have been known t o  crack f o r  hundreds of f e e t  

i n  t h e  p r e sence  of i n t e r n a l  hydrogen s u l f i d e  ( 3 3 8 ) .  

Table  8 i n d i c a t e s  t h e  t o t a l  number of l e a k s  caused by hydro- 

gen b l is ters  and c r acks  t h a t  t h e  373 o p e r a t i n g  companies have ex- 

pe r i enced .  The q u e s t i o n n a i r e  asked  t h e  respondants  t o  e x p l a i n  

t h e  e x i s t i n g  exposure  c o n d i t i o n s  f o r  each l e a k  o r  crack,  such as 

t e n p e r a t u r e  of p i p e ,  v i b r a t i o n ,  p r e s s u r e ,  p i p e  p o t e n t i a l ,  p r e sence  

of  n i c k s  o r  s c r a t c h e s ,  ha rd  s p o t s ,  a n a l y s i s  of cause  of crack, 

TABLE 8 

NUMBER OF CORROSION LEAKS THAT HAVE BEEN CAUSED 
BY HYDROGEN BLISTERS AND CRACKS 

Number of Leaks 
1 2 3 4 6 1 7  1 0 0  

Number of Companies 

( A )  Hydrogen B l i s t e r s  

( B )  Cracks  

3 1 0 0 0  1 0 

8 1 1 0 1  0 1 

51 



such as hydrogen s tress c r a c k i n g  or  stress c o r r o s i o n  c r a c k i n g ,  

e tc .  

The fo l l owing  q u o t a t i o n s  are some of t h e  more i n t e r e s t i n g  

e x p l a n a t i o n s :  

(1) "The two hydrogen b l i s t e r  l e a k s  occu r r ed  i n  areas of h igh  

C 0 2  and H2S c o n t e n t  c o- e x i s t i n g  w i t h  free water i n  t h e  gas 

stream upstream o f  a p r o c e s s  p l a n t .  I t  w a s  de te rmined  by an 

independent  l a b o r a t o r y  t h a t  hydrogen atoms p e n e t r a t e d  v a s t  

l a m i n a t i o n s  i n  t h e  p i p e  and r e s u l t e d  i n  p r e s s u r e  bu i ld- up  

w i t h i n  t h e  l a m i n a t i o n s .  I n  t h i s  r e s p e c t ,  c o r r o s i o n  w a s  a 

c o n t r i b u t i n g  factor t o  t h e  l e a k s .  I t  w a s  e s t i m a t e d  t h a t  up- 

wards of 25 p e r c e n t  of t h e  p i p e  area w a s  l amina ted  i n  t h e  

a f f e c t e d  area. The e n t i r e  sys tems involved  w e r e  t aken  o u t  of 

service,  h y d r o s t a t i c a l l y  tes ted,  and u l t i m a t e l y  t h e  e n t i r e  

. 
- 

systems w e r e  r e t u r n e d  t o  service. Dehydration equipment w a s  

t hen  i n s t a l l e d  a t  wel l- heads  t o  d r y  t h e  g a s  streams. In-  

h i b i t o r s  were used d u r i n g  t h e  i n t e r i m  p e r i o d  and c o n t i n u e  t o  

be used as  a s a f e t y  f a c t o r . "  (Q533) 

( 2 )  " I n  1951 and 1952,  w e  had 1 7  f a i l u r e s  i n  t h e  g a t h e r i n g  

* 

system due t o  hydrogen bl isters  o r i g i n a t i n g  from g e n e r a t i o n  

of  hydrogen f r o m  t h e  c o r r o s i o n  processes of the a c i d  g a s  

( C 0 2  and H 2 S  c o n t e n t )  be ing  ga the red . "  (4636) 

( 3 )  "One leak i n c i d e n t  has been a t t r i b u t e d  t o  stress c o r r o-  

s i o n  c r a c k i n g  based on t h e  c h a r a c t e r i s t i c s  of t h e  observed 

secondary cracks, f r a c t u r e  i n  t h e  f i e l d  and i n  t h e  l a b o r a t o r y .  

The in fo rma t ion  on t h i s  i n v e s t i g a t i o n  has been inc luded  i n  
* 
Numbers i n  p a r e n t h e s e s  preceded by I'Q" refer t o  in fo rma t ion  f r o m  

s p e c i f i c  q u e s t i o n n a i r e s .  
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the NG-18 Pipeline Research on Stress Corrosion Cracking. 

The environmental factor which promoted the cracking has not 

been identified. Hardness, tensile properties, and chemical 

properties of the steel were normal. The operating stress was 

well below the yield strength of the steel. The pipe was bare 

(except for mill primer) and cathodic protection had been in- 

stalled one year previously. The actual pipe-to-soil poten- 

tial at that time is not known. Chemical analysis of the 

soil did not reveal any unusual constituents." (Q663) 

( 4 )  "Both cracks occurred in a hard spot which had an area 

somewhat equal to this sheet. The mass hardness was Brinnell 

4 7 7 .  'I (Q341) 

(5) "One crack with the following exposure conditions: 

Pressure 960 psi 

Temperature 110°F to 115°F 

Installed in 1959 

Pipeline Coating - Polyken Tape #900 
Type Pipe - X-52 
Cathodic protection installed 1959 

Cathodic protection potential - 1.8 to -2.0 voAts" (Q388 ) 

(6) "TWO cases of stress corrosion cracking with the follow- 

ing exposure conditions: 

Temperature - 4 5 "  - 60°F 
Pressure - 500 lbs/in 

No vibration, nicks or scratches, or hard spots 

Pipe-to-soil potential 2 volts" (Q439) 

2 
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( 7 )  "On 1 0 0  cast  i r o n  l e a k s ,  t h e  p i p e  was c racked .  W e  do n o t  

know whether t h e  c o r r o s i o n  caused t h e  c r a c k s  o r  t h e  c r a c k s  

caused t h e  c o r r o s i o n .  'I (Ql44) 

( 8 )  "One c r a c k  due t o  selective c o r r o s i o n  i n  a l o n g i t u d i n a l  

seam o f  e lec t r ic  r e s i s t a n c e  welded p i p e . "  (4580) 

Some r e c e n t  r e s e a r c h  r e s u l t s  on s t r e s s- c o r r o s i o n  phenomena 

are reviewed b r i e f l y  i n  t h e  fo l l owing  pa rag raphs .  

P i p e l i n e  s tee l  was h e a t  t r e a t e d  t o  o b t a i n  y i e l d  s t r e n g t h s  

r ang ing  from 1 1 0 , 0 0 0  t o  150,000 p s i .  Cracking occu r r ed  a t  stress 

and c a t h o d i c  p r o t e c t i o n  c o n d i t i o n s  l i k e  t h o s e  t h a t  might  be used 

w i t h  h igh  s t r e n g t h  s teels .  S u s c e p t i b i l i t y  t o  hydrogen stress 

c r a c k i n g  depended on t h e  r a te  a t  which hydrogen atoms e n t e r e d  t h e  

s t e e l ,  which i n  t u r n  w a s  g e n e r a l l y  l a r g e r  a t  h igh  pH ( 3 5 6 ) .  

D u c t i l i t y  and t e n s i l e  s t r e n g t h  of  s t a i n l e s s  s tee l  f o i l s  w e r e  re- 

duced by atomic hydrogen a b s o r p t i o n  d u r i n g  c a t h o d i c  cha rg ing  ( 3 3 2 ) .  

I n  s i n g l e  c r y s t a l  i r o n  t h e  hydrogen atom p e n e t r a t i o n  rate  de-  

c r e a s e d  a s  t h e  packing d e n s i t y  of t h e  p l a n e  p a r a l l e l  t o  t h e  s u r -  

face i n c r e a s e d  ( 1 9 9 ) .  I t  was found t h a t  hydrogen s o l u b i l i t y  i n  

i r o n  and s teel  w a s  i n c r e a s e d  by t e n s i l e  stress and dec reased  by 

compress ive  stress ( 3 8 7 ) .  D i f f u s i v i t y  was u n a f f e c t e d .  Beyond a 

c r i t i c a l  c o n c e n t r a t i o n ,  which depended on t empera tu re ,  hydrogen 

produced s t r u c t u r a l  damage and e m b r i t t l e d  t h e  metal.  I r o n  s u l -  

f i d e  f i l m s  r e t a r d e d  hydrogen p e n e t r a t i o n  ( 3 8 5 ) .  

The s u s c e p t i b i l i t y  t o  f a i l u r e  o f  9-4-45 h igh  s t r e n g t h  s teel  .I 

w a s  observed t o  i n c r e a s e  w i th  bo th  anodic  and c a t h o d i c  p o l a r i z a -  

t i o n  ( 4 0 7 ) .  I t  w a s  sugges ted  t h a t  hydrogen e m b r i t t l e m e n t  may be 

I 

I 
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invo lved  i n  a l l  stress c o r r o s i o n  c r ack ing .  The pI-1 a t  t h e  t i p  of 

a c r ack  as a f u n c t i o n  of  p o t e n t i a l  i n  s a l t  wa te r  w a s  measured,  and 

it appeared t h a t  c o n d i t i o n s  w e r e  always f a v o r a b l e  f o r  hydrogen 

r e d u c t i o n  ( 4 0 0 ) .  E l e c t r o n  microscopy r e v e a l e d  no d i f f e r e n c e  i n  

f r a c t u r e  f e a t u r e s  a t  d i f f e r e n t  p o t e n t i a l s .  A model has  been pro-  

posed which r e q u i r e s  H2 l i b e r a t i o n  a t  t h e  c r ack  t i p  ( 5 4 8 ) .  

I t  has  been sugges ted  t h a t  p l a s t i c  deformat ion  a t  t h e  t i p  of  

t h e  c r ack  i n c r e a s e s  t h e  ra te  of d i s s o l u t i o n  a t  t h e  t i p .  However, 

c o l d  work h a s  been found t o  have no e f f e c t  on t h e  c o r r o s i o n  r a te  

of p u r e  i r o n  (756,  759 ) .  Carbon a d d i t i o n s  caused t h e  ra te  t o  i n-  

crease w i t h  c o l d  working,  e s p e c i a l l y  a t  normally p a s s i v e  poten-  

t i a l s  (756,  316 ) .  High tempera ture  annea l ing  reduced t h e  r a t e ,  

s u g g e s t i n g  t h a t  l a t t i c e  i m p e r f e c t i o n s  by themse lves  do n o t  cause  

i n c r e a s e d  c o r r o s i o n  b u t  t h a t  compos i t i ona l  inhomogene i t i es  do. 

S t u d i e s  of  s t r u c t u r a l  changes i n  A I S 1  4 3 4 0  h igh  s t r e n g t h  

carbon s t ee l  sugges ted  t h a t  t h e  e f f e c t  of hydrogen i s  t o  reduce 

t h e  a u s t e n i t i c  g r a i n  boundary energy  ( 8 0 0 ) .  Hydrogen i n  h igh  

p u r i t y  i r o n  causes  s u r f a c e  b l i s t e r i n g  and s o m e  i n t e r n a l  f i s s u r e s  

a t  g r a i n  boundar ies  (681) .  The y i e l d  stress w a s  lowered,  even 

a f t e r  hydrogen removal. T h i s  s u g g e s t s  t h a t  embr i t t l emen t  i s  due 

t o  d i s l o c a t i o n  c r e a t i o n  and n o t  t o  d i s l o c a t i o n  lock ing .  

Measurements of local  e lec t r i ca l  p o t e n t i a l s  showed t h a t  

stresses do n o t  lower t h e  p o t e n t i a l  a t  t h e  p o i n t s  of stress con- 

c e n t r a t i o n  i n  c o r r o s i o n  f a t i g u e  exper iments  ( 6 2 9 ) .  When a c r ack  

forms, then  t h e  p o t e n t i a l  dec reases .  Cathodic  p o l a r i z a t i o n  w a s  

deduced t o  p r o t e c t  n o t  by suppres s ion  of local  c u r r e n t s  b u t  by 

format ion  of an a l k a l i n e  environment caus ing  p a s s i v a t i o n .  On t h e  

o t h e r  hand t e n s i l e  stress e . t ( i f t ed  t h e  c a t h o d i c  p o l a r i z a t i o n  
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curve  of AIS1 4340 s teel  i n  3 p e r c e n t  N a C l  i n  t h e  more noble  

d i r e c t i o n  (484). 

I n i t i a t i o n  of c r acks  has  been r e l a t e d  t o  d e f e c t s  i n  t h e  

s u r f a c e  f i l m ,  somewhat s i m i l a r  t o  p i t  i n i t i a t i o n  (288, 485). 

U s e  of r a d i o t r a c e r  C1 showed i n d i c a t i o n s  of charged  a r e a s  on 

t h e  s u r f a c e  of  t h e  s tee l ,  p o s s i b l y  due t o  s u l f i d e  i n c l u s i o n s  . 
( 3 0 6 ) .  

c i e n t  t o  s t a r t  c o r r o s i o n  and subsequent  s u r f a c e  c r a c k s .  

Seven micrograms of C 1 -  on one charged area w e r e  s u f f i -  
. 

A c o n s i d e r a b l e  i n c r e a s e  i n  a c i d i t y  w a s  found a t  t h e  t i p  

of a n  advancing c r ack  i n  s eawa te r ,  i n d i c a t i n g  a mechanism 

a k i n  t o  t h a t  f o r  p i t t i n g  and crevice c o r r o s i o n  (596,  774). 

Fe b u t  no Fe w a s  d e t e c t e d  i n  t h e  c rack  (774). 

9 .  I n t e r g r a n u l a r  Cor ros ion  

2+ 3+ 

Gra in  boundar ies  i n  metals t end  t o  be  p a r t i c u l a r l y  s e n s i -  

t i v e  t o  c o r r o s i o n  because  t h e  energy of t h e  m e t a l  i s  g r e a t e r  

t h e r e  and because  i m p u r i t i e s  t end  t o  c o n c e n t r a t e  between c rys-  

t a l l i t e s .  When a t t a c k  i s  s t r o n g l y  p r e f e r e n t i a l  f o r  g r a i n  

bounda r i e s ,  it i s  known as " i n t e r g r a n u l a r  c o r r o s i o n"  and l e a d s  

t o  r a p i d  f a i l u r e .  A u s t e n i t i c  s t a i n l e s s  steels are p a r t i c u l a r l y  

s u s c e p t i b l e .  Hea t ing  i n  c e r t a i n  t empera tu re  r anges  causes  

s e n s i t i z a t i o n ,  whereas annea l ing  i n  o t h e r  t empera tu re  r anges  

can  e l i m i n a t e  t h e  problem. Unfo r tuna t e ly ,  s e n s i t i z a t i o n  o f t e n  

occu r s  d u r i n g  welding.  Cor ros ion  f a i l u r e  i s  t h e n  known as 

" w e l d  decay."  Add i t i on  o r  s u b t r a c t i o n  of c e r t a i n  e lements  

can r educe  o r  e l i m i n a t e  t h e  problem. 

One proposed mechanism f o r  i n t e r g r a n u l a r  c o r r o s i o n  of 

a u s t e n i t i c  s t a i n l e s s  i n v o l v e s  chromium c a r b i d e  p r e c i p i t a t i o n  a t  
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g r a i n  boundar ies  w i t h  d e p l e t i o n  of t h e  n e i g h b o r i n g  s tee l  i n  chro-  

miurn ( 7 6 9 ) .  The chromium d e p l e t e d  areas are t h e n  anod ic  with 

r e s p e c t  t o  t h e  remainder  o f  t h e  s t ee l  and d i s s o l v e  r a p i d l y .  

everyone a g r e e s  w i t h  t h i s  mechanism. 

Not 

I n t e r g r a n u l a r  c o r r o s i o n  was 

found t o  o c c u r  o n l y  when t h e  c a r b i d e s  formed a con t inuous  p a t h  and 

n o t  when t h e y  formed as i s o l a t e d  c r y s t a l s  ( 5 3 4 ) .  It a l s o  o c c u r r e d  

when h i g h  t empera tu re  t r e a t m e n t  removed p r e c i p i t a t e s  b u t  l e f t  h i g h  

s o l u t e  c o n c e n t r a t i o n s  a l o n g  t h e  g r a i n  b o u n d a r i e s .  Other  workers  

observed i n t e r g r a n u l a r  c o r r o s i o n  o n l y  when p r e c i p i t a t e s  were 

p r e s e n t  ( 5 3 5 ) .  

1 0 .  I n f l u e n c e  o f  Temperature,  V e l o c i t y ,  and T i m e  

Temperature i n f l u e n c e s  e l e c t r o c h e m i c a l  r e a c t i o n s  i n  s e v e r a l  

ways, a l t h o u g h  t h e  n e t  e f f e c t  i s  g e n e r a l l y  f o r  c o r r o s i o n  t o  accel-  

e r a t e  as t empera tu re  i n c r e a s e s .  Thus, i n  H 2 S ,  low a l l o y  s t ee l s  

cor rode  accord ing  t o  an Ar rhen ius  r e l a t i o n s h i p ;  i . e . ,  t h e  c o r r o-  

s i o n  r a t e  w a s  p r o p o r t i o n a l  t o  exp ( -10 ,72O/T)  where T i s  i n  d e g r e e s  

Rankine. A maximum r a t e  i s  o f t e n  observed i n  n e u t r a l  e l e c t r o l y t e  

s o l u t i o n s  a t  abou t  70°C ( 7 7 6 ) .  The tendency o f  a u s t e n i t i c  s t a i n -  

less t o  stress c r a c k  i n c r e a s e s  w i t h  t empera tu re  ( 6 9 1 ) .  

The e q u i l i b r i u m  p o t e n t i a l  f o r  an e lec t rcc i , z ;n ica l  r e a c t i o n  

changes w i t h  t e m p e r a t u r e ,  dependent  on t h e  e n t r o p y  of t h e  r e a c t i o n .  

I n  Equat ion 5 ,  E i s  a f u n c t i o n  of t empera tu re .  The dependence o f  

E on c o n c e n t r a t i o n  i n c r e a s e s  a s  t empera tu re  i n c r e a s e s  by v i r t u e  o f  

t h e  l a s t  t e r m  i n  Equat ion  5 .  

0 

Another e f f e c t  o f  t empera tu re  i s  t o  

acceler.;.te a l l  cnemical  r e a c t i o n s .  

d i f f u s i o n  r a t e s ,  bo th  i n  t h e  s o l u t i o n  n e x t  t o  t h e  metal  and 

through any f i l m  c o v e r i n g  t h e  surface .  

A t h i r d  e f f e c t  i s  t o  i n c r e a s e  

The s o l u b i l i t y  o f  oxygen 
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d e c r e a s e s  a s  t empera ture  i n c r e a s e s ,  which t e n d s  t o  reduce t h e  

c o r r o s i o n  r a t e .  

Stress c o r r o s i o n  c r a c k i n g  has  been r e p o r t e d  t o  be a problem 

i n  p i p e  l e a d i n g  from compressor s t a t i o n s ,  presumably because  of  

t h e  e l e v a t e d  g a s  t empera tu re s  gene ra t ed  by compress ion.  

Underground c o r r o s i o n  of  s tee l  has  been found t o  be n e g l i g i b l e  a 

i n  pe rmaf ros t  s o i l s  ( 5 5 0 ) .  I n  s o i l s  s u b j e c t e d  t o  h igh  tempera-  . 
t u r e s ,  c o r r o s i o n  i s  i n c r e a s e d  u n l e s s  r a i n f a l l  i s  so s p a r s e  t h a t  

t h e  wate r  c o n t e n t  o f  t h e  s o i l  i s  low because  of  e v a p o r a t i o n .  A 

p i p e l i n e  c a r r y i n g  h o t  s p r i n g  wa te r  e x h i b i t e d  unusua l ly  r a p i d  

c o r r o s i o n  ( 1 4 9 ) .  

I n c r e a s e s  i n  s o l u t i o n  v e l o c i t y  n e a r  t h e  me ta l  lowers  t h e  

r e s i s t a n c e  f o r  m a s s  t r a n s f e r ,  bo th  f o r  t r a n s p o r t  o f  r e a c t a n t s  

t o  t h e  m e t a l  s u r f a c e  and f o r  removal o f  c o r r o s i o n  p roduc t s  (1). 

Whether t h i s  i n c r e a s e s  o r  d e c r e a s e s  t h e  c o r r o s i o n  r a t e  depends 

on what i s  c o n t r o l l i n g  t h e  r a t e .  I f  t h e  s tee l  i s  n e a r  t h e  p a s s i v e  

s t a t e ,  then  i n c r e a s e d  v e l o c i t y  cou ld  i n c r e a s e  oxygen c o n c e n t r a t i o n  

a t  t h e  s u r f a c e ,  cause  p a s s i v a t i o n ,  and reduce c o r r o s i o n .  Flow o f  t h ,  

s o l u t i o n  w i l l  a l s o  t end  t o  remove t h e  concen t r a t ed  s o l u t i o n s  necessa  

f o r  p i t t i n g  and c r e v i c e  c o r r o s i o n .  I n  t h e  l a b o r a t o r y ,  f lowing  sea-  

water w a s  found t o  be more c o r r o s i v e  than  q u i e s c e n t  s eawa te r  f o r  

3 0 4  s t a i n l e s s  ( 5 8 4 ) .  On t h e  o t h e r  hand, s t a i n l e s s  co r rodes  more 

s lowly  n e a r  t h e  s u s f z c e  of  t h e  ocean than  i n  deep q u i e s c e n t  s ea-  

w a t e r ,  which i s  much lower i n  oxygen c o n t e n t .  S t i r r i n g  reduced - 
d e p o s i t i o n  o f  f e r r o u s  hydroxide f i l m  i n  0 . 1  N borax ( 3 2 7 ) .  I f  

p a r t i c l e s  are p r e s e n t  i n  t h e  f l u i d ,  p a s s i v e  f i l m s  can be damaged 

and c o r r o s i o n  g r e a t l y  a c c e l e r a t e d  as v e l o c i t y  i n c r e a s e s .  T h i s  
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i s  known a s  " e r o s i o n  c o r r o s i o n . "  With h i g h  p u r i t y  water f lowing  

i n  mild  s t ee l  t u b e s ,  c o r r o s i o n  i n c r e a s e d  wi th  v e l o c i t y  up t o  a 

c e r t a i n  v a l u e  and then  decreased  ( 3 0 9 ) .  T h i s  i n d i c a t e s  d i f f e r e n t  

r a te  c o n t r o l l i n g  s t e p s  i n  t h e  t w o  regimes.  

Uniform c o r r o s i o n  t e n d s  t o  d e c r e a s e  w i th  t i m e  because  of t h e  

p re sence  of c o r r o s i o n  p roduc t s  b lock ing  a c c e s s  of c o r r o d e n t s .  

On t h e  o t h e r  hand,  p i t t i n g  and stress c r a c k i n g  i n c r e a s e  w i t h  

t i m e .  Chlor ide- induced breakdown of p a s s i v e  f i l m s  r e q u i r e s  an 

i n d u c t i o n  t i m e ,  which dec reases  a s  t empera ture  i n c r e a s e s  ( 7 7 3 ) .  

From an  e m p i r i c a l  s t a n d p o i n t  t h e  c o r r o s i o n  f a i l u r e  r a t e  of unpro- 

t e c t e d  p i p e l i n e s  t ends  t o  i n c r e a s e  i n  a n  e x p o n e n t i a l  manner w i t h  

t i m e .  

11. E f f e c t  of S o l u t e s  

The r o l e  of v a r i o u s  i o n s  i n  c o r r o s i o n  of i r o n  and s tee l  was 

r e c e n t l y  reviewed i n  Reference 777 .  The s i t u a t i o n  i s  complex 

because so  many f a c t o r s  a r e  involved  i n  de te rmin ing  t h e  c o r r o s i o n  

r a t e .  T h e r e  are a l s o  an  i n f i n i t e  v a r i e t y  of combinat ions  of 

d i f f e r e n t  s o l u t e s  and c o n d i t i o n s .  N e v e r t h e l e s s ,  it i s  p o s s i b l e  

t o  s t a t e  a few g e n e r a l  p r i n c i p l e s  and summarize t h e  o b s e r v a t i o n s .  

One can see from t h e  cathoclic r e a c t i o n s ,  Equa t ions  2- 3,  t h a t  

c o r r o s i o n  should  be  a c c e l e r a t e d  by low pH and by h i g h e r  oxygen 

c o n c e n t r a t i o n s  a t  t h e  s u r f a c e .  Although i n c r e a s i n g  H concent ra-  + 

t i o n  i n c r e a s e s  c o r r o s i o n ,  t h e  anodic  p o l a r i z a t i o n  cu rve  of F igu re  

, 2 i s  a c t u a l l y  s h i f t e d  t o  t h e  l e f t ,  w i th  c u r r e n t  d e n s i t y  change 
2 + 
H €1 p r o p o r t i c n a l  t o  l / a  +, where a + i s  t h e  a c t i v i t y  of H ( 3 8 9 ) .  I t  

has  been sugges t ed  bo th  t h a t  OH- c a t a l y z e s  t h e  anodic  r e a c t i o n  

(Equat ion 1) and t h a t  H i n h i b i t s  t n e  anod ic  r e a c t l o n .  The + 
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i n f l u e n c e  of oxygen on r a t e  was o f t e n  i gno red  i n  e a r l y  e x p e r i -  

ments,  and so c o n t r a d i c t o r y  r e s u l t s  w e r e  o f t e n  o b t a i n e d  fo r  t h e  

i n f l u e n c e  of e l e c t r o l y t e s  on c o r r o s i o n .  

t h e  c o r r o s i o n  ra te  i s  o f t e n  found t o  be p r o p o r t i o n a l  t o  t h e  squa re  

r o o t  of c o n c e n t r a t i o n  ( 7 7 6 ,  7 7 7 ) .  T h i s  p robably  reflects  t h e  

i n f l u e n c e  of t h e  conductance of the  s o l u t i o n ,  s i n c e  c o r r o s i o n  i n-  

vo lves  novement of  e l e c t r i c  charge  th rough  t h e  s o l u t i o n  and w i l l  

A t  l o w  c o n c e n t r a t i o n s  

- 
i n c r e a s e  a s  conductance i n c r e a s e s .  T y p i c a l l y ,  c o r r o s i o n  r a te  i n -  

creases w i t h  c o n c e n t r a t i o n  on ly  t o  a c e r t a i n  p o i n t  and t h e n  dimin-  

ishes a s  c o n c e n t r a t i o n  i s  increased f u r t h e r .  For  " a g g r e s s i v e "  

an ions  such a s  C 1 -  t h e  maximum o c c u r s  a t  abou t  0 . 5  normal.  For 

" p a s s i v a t i n g "  an ions  it o c c u r s  a t  a lower c o n c e n t r a t i o n  i n  t h e  

neighborhood of 1- 1 0  ppm. 

c e n t r a t i o n  of a g g r e s s i v e  i o n s  a p p a r e n t l y  are (1) reduced oxygen 

s o l u b i l i t y ,  and ( 2 )  changes i n  c o r r o s i o n  p roduc t  f i l m s .  Corro-  

s i o n  i s  reduced w i t h  h ighe r  c o n c e n t r a t i o n s  of  i n h i b i t o r  i o n s  be- 

cause  of s u r f a c e  adsorption. 

The  reason  f o r  f a l l o f f  w i t h  h i g h e r  con- 

T h e  t y p e  and. s t a b i l i t y  o f  any f i l m  formed on t h e  s u r f a c e  of 

s tee l  has a v e r y  l a r g e  effect  on c o r r o s i o n .  

depend i n  t u r n  on t h e  s o l u t e s  p r e s e n t .  Thus, s o l u b l e  c a t i o n s  have 

o n l y  a s m a l l  i n f l u e n c e  on c o r r o s i o n  r a te ,  wh i l e  c a t i o n s  such a s  

Zn form an i n s o l u b l e  p roduc t  a t  c a t h o d i c  areas and g r e a t l y  re- 

duce c o r r o s i o n .  I f  t h e  r e a c t i o n  p r o d u c t s  a r e  s o l u b l e ,  c o r r o s i o n  

s t a y s  a t  a h igh  ra te ,  w h i l e  t h e  ra te  d e c r e a s e s  i f  i n s o l u b l e  prod- 

u c t s  are formed. 

T h e  f i l m  p r o p e r t i e s  

++ 

1 

I 

Corros ion  i s  accelerated by i o n s  which p a s s  e a s i l y  f r o m  one 

va l ence  s tare  t o  a n o t h e r ,  such as 
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- 2+ 
Fe3+ + e = Fe (Eq. 8 )  

Thi s  r e a c t i o n  acts  a s  an a d d i t i o n a l  c a t h o d i c  r e a c t i o n .  Fe 2+ i s  
3+ r e o x i d i z e d  t o  Fe by oxygen. C a t i o n s  of  noble  m e t a l s  such a s  

Cu are d i sp l acemen t  p l a t e d  o n t o  s tee l  and accelerate c o r r o s i o n  by 

g a l v a n i c  a c t i o n .  The p re sence  of  o t h e r  m e t a l s  i n  t h e  g e n e r a l  

neighborhood of  t h e  p i p e  can i n f l u e n c e  c o r r o s i o n  by changing t h e  

composi t ion o f  t h e  s o i l  (786). 

R e s u l t s  are d i f f i c u l t  t o  p r e d i c t  f o r  mixed s o l u t e s .  N e u t r a l  

+ s a l t s  w e r e  found t o  i n c r e a s e  H a c t i v i t y  and so t o  reduce t h e  

anodic  r e a c t i o n  rate  (389). I n  s u l f u r i c  a c i d ,  NaI, N a B r ,  and 

N a C l  i n h i b i t e d ,  whi le  NaF a c c e l e r a t e d  c o r r o s i o n .  Ten p e r c e n t  H C 1 ,  

N a C 1 ,  and L i C l  a c c e l e r a t e d  c o r r o s i o n ,  wh i l e  F e C 1 2  i n h i b i t e d .  

Ch lo r ide  i o n s  a l te red  t h e  s t r u c t u r e  of f i l m s  formed i n  NO;. Break- 

down of p r e v i o u s l y  formed p a s s i v i t y  occur red  on ly  above a "break-  

through" p o t e n t i a l  i n  borax- chlor ide  s o l u t i o n s ,  which became more 

n e g a t i v e  w i th  i n c r e a s e s  i n  C 1 -  and more p o s i t i v e  w i th  i n c r e a s e s  i n  

borax c o n c e n t r a t i o n  (329) . B e l o w  t h e  " p i t t i n g "  p o t e n t i a l ,  C 1 -  

produced no changes i n  p a s s i v e  f i l m s  ( 4 0 1 ) .  

i n h i b i t e d  c o r r o s i o n ,  t h e  amount r e q u i r e d  i n c r e a s e d  as C 1 -  and SO; 

c o n c e n t r a t i o n s  i n c r e a s e d  (775, 776). T o  produce a g iven  c o r r o s i o n  

r a t e ,  p a s s i v a t o r  c o n c e n t r a t i o n  C w a s  found t o  be r e l a t e d  t o  ag- 
P 

g r e s s o r  c o n c e n t r a t i o n  C by 

P 

While NO; and C r O i  

a 

l o g  c = a + b l o g  Ca ( E q .  9 )  

This  i n d i c a t e s  a c o m p e t i t i v e  a d s o r p t i o n  mechanism. Cor ros ion  r a t e  

remained l o w  as pH w a s  dec reased  t o  2.8 i f  H C r O I  was employed t o  

l o w e r  pH, whi le  it i n c r e a s e d  below pH 5 i f  H2S04 was used t o  re- 

duce pY (776) On t h e  o t h e r  hand,  h a l i d e s  enhanced o r g a n i c  
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amines '  i n h i b i t o r  e f f i c i e n c y ,  most n o t a b l y  w i t h  I- (343). Both 

H2S and C1- a c c e l e r a t e d  c o r r o s i o n  a t  15OoC, b u t  t h e i r  e f f e c t s  w e r e  

n o t  add i t ive  (706). 

S o l u t e s  can a l s o  p l a y  a s i g n i f i c a n t  r o l e  i n  hydrogen absorp-  

t i o n  phenomena such as e m b r i t t l e m e n t ,  stress c r a c k i n g ,  and b l i s -  

t e r i n g .  For example, o x i d i z e d  a r s e n i c  compounds i n c r e a s e d  Lydro- 

gen a b s o r p t i o n  (399). Thi s  w a s  thought  t o  ar ise from h indrance  o f  

t h e  combinat ion of  l i b e r a t e d  hydrogen t o  form molecu la r  hydrogen,  

which i s  compe t i t i ve  w i th  a b s o r p t i o n .  

12. Underaround Corros ion  

Many s t u d i e s  have been made on c o r r o s i o n  of  bare unpro t ec t ed  

f e r r o u s  m e t a l s  b u r i e d  i n  v a r i o u s  t y p e s  of s o i l  f o r  p e r i o d s  of  up 

t o  45 y e a r s  (282, 429, 525, 539, 550, 551, 552, 639, 678, 687, 

778, 788-790). F i e l d  tes ts  w e r e  shown t o  be neces sa ry  from t h e  

o b s e r v a t i o n  t h a t  p i t t i n g  w a s  many t i m e s  g r e a t e r  i n  t h e  f i e l d  t h a n  

f o r  t h e  same s o i l  i n  t h e  l a b o r a t o r y .  Var ious  s o i l  pa rame te r s ,  

such as pH, e l e c t r o l y t e  c o n c e n t r a t i o n ,  mo i s tu re  c o n t e n t ,  resis- 

t i v i t y ,  e tc . ,  w e r e  determined and a t t e m p t s  made t o  correlate  

c o r r o s i o n  r a te  w i t h  such pa rame te r s .  Mois ture ,  which i s  g e n e r a l l y  

m o r e  abundant i n  poo r ly  aerated s o i l s ,  p r o v i d e s  t h e  e l e c t r o l y t e  

f o r  t h e  c o r r o s i o n  p r o c e s s .  The e l e c t r o l y t e  i s  composed of  hydro-  

gen and hydroxyl  i o n s  f r o m  t h e  w a t e r  i t s e l f ,  and a v a r i e t y  of 

c a t i o n s  and an ions  t h a t  depend upon t h e  s o l u b l e  s a l t s  d i s s o l v e d  

i n  t h e  s o i l .  These i o n s  de te rmine  t h e  e lec t r ica l  c o n d u c t i v i t y ,  

o r  r e s i s t i v i t y ,  o f  t h e  s o i l  and t h e  chemical  p r o p e r t i e s  such a s  

a c i d i t y  and a l k a l i n i t y .  
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I 

The kind and concentration of soluble salts in soils seem to 

affect the initial rate of corrosion and the progress of corrosion 

with time. In general, the most corrosive soils contain large 

concentrations of soluble salts, especially in the form of sul- 

fates, chlorides and bicarbonates, and may have very acid or 

highly alkaline p H  values. 

conductivities, or low resistivities. The least corrosive soils, 

as a group, have high resistivity values, which indicate low con- 

centrations of soluble salts. Since resistivity measurements 

provide as much information as any other single soil property 

regarding the corrosive characteristics of a soil, and since it 

can be readily measured, it is often used to provide approxima- 

tions of the corrosivity of soils. Resistivity measurements have 

still greater value when supplemented by observations of soil 

drainage and/or measurements of pH. In general, so i l s  with re- 

sistivities greater than 5,000 ohm-cm are found to be mildly 

corrosive to noncorrosive. It should be realized, however, that 

because many other factors may affect the corrosion rate of metal, 

certain high resistivity soils nay be more corrosive than soils of 

lower resistivity ( 5 5 2 ) .  Instances have occurred where change in 

soil resistivity, rather than the absolute value, has been found 

to be the major cause of corrosion. 

Such soils also have relatively high 

It has been found tnat the resistivities of most soils exhibit 

a logarithmic normal distribution, i.e., that the cumulative dis- 

tribution of the logarithms of many resistivity measurements along 

a pipeline right-of-way falls 07 a straight line on probability 

paper. Such a soil is defined 2s "statistically uniform." 

63 



I n  one s t u d y ,  p i t s  were found o n l y  a t  p o i n t s  where r e s i s t i v i t y  

w a s  below about  1 2 0 0  ohm-cm, w i th  i n c r e a s i n g  f requency  below 

t n a t  ( 7 6 3 ) .  

Rates  appeared t o  i n c r e a s e  as pH i n c r e a s e d ,  a l t h o u g h  pH a l s o  

tended  t o  i n c r e a s e  w i t h  d e c r e a s i n g  r e s i s t i v i t y .  Another s tudy  

r e v e a l e d  no c o r r e l a t i o n  w i t h  pH, water ho ld ing  c a p a c i t y ,  o r  s a l t  

c o n c e n t r a t i o n s  f o r  v a r i o u s  i r o n s  and s teels  ( 6 3 9 ) .  Tests of  n i ck-  . 
e l  cas t  i r o n  samples r e v e a l e d  no c o r r e l a t i o n  w i t h  m o i s t u r e ,  re-  

s i s t i v i t y ,  pH, o r  C1- c o n t e n t  ( 5 2 5 ) .  

Oxygen a v a i l a b i l i t y  has  a l a r g e  i n f l u e n c e  on c o r r o s i o n  r a t e .  

I t  has  been found t h a t  und i s tu rbed  s o i l s  are so d e f i c i e n t  i n  oxy- 

gen a few f e e t  below t h e  ground l i n e  o r  below t h e  w a t e r  t ab l e  

zone, t h a t  s teel  p i l i n g s  were n o t  a p p r e c i a b l y  a f f e c t e d  by c o r r o-  

s i o n ,  r e g a r d l e s s  o f  t h e  soil t y p e s  o r  p r o p e r t i e s  ( 5 3 9 ) .  Unfor tu-  

n a t e l y ,  p i p e l i n e s  a r e  a lmost  i n v a r i a b l y  found i n  t r e n c h e s ,  where 

t h e  s o i l  has  been d i s t u r b e d .  

Temperature can have a s i g n i f i c a n t  e f f e c t .  Thus, s tee l  p i l e s  

i n  Alaska showed no c o r r o s i o n  when b u r i e d  i n  p e r m a f r o s t  (below 

5 f ee t )  f o r  6 t o  11 y e a r s  ( 5 5 0 ) .  A few p i t s  were found i n  t h e  

a c t i v e  thaw r e g i o n  (about  5 f e e t )  and ranged up t o  0 . 7  mm i n  

dep th .  ( I t  should n o t  be c o n c l u 6 d  from t h i s  t h a t  o i l  p i p e l i n e s  

i n  pe rmaf ros t  iy.ii-1 n o t  c o r r o d e p  s i n c e  t h e y  w i l l  be w a r m e d  t o  p r e -  L 

v e n t  s o l i d i f i c a t i o n  of t h e  o i l ) .  Conversely ,  s e r i o u s  problems 

-2ere encounte red  wi th  h e a t  d i s t r i b u t i o n  l i n e s  below t h e  w a t e r  

-,able b u t  n o t  w i t h  t h o s e  above t h e  wa te r  t a b l e  ( 4 7 9 ) .  

I 

- 

Iri an e x t e n s i v e  NBS program, it w a s  found t h a t  t h e  i n i t i a l  

p i t t i n g  r a te  dec reased  i n  w e l l  d r a i n e d ,  h jgh r e s i s t i v i t y  s o i l s ,  
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b u t  i s  main ta ined  i n  poo r ly  d r a i n e d ,  low r e s i s t i v i t y  s o i l s  ( 5 5 2 ) .  

The p i t t i n g  r a te  R changed wi th  t i m e  0 acco rd ing  t o  
P 

log R = log k + n l o g  0 (Eq. 10) 
P 

where n = 0 . 1 9  f o r  w e l l  a e r a t e d  and n = 0 . 6 8  f o r  poo r ly  a e r a t e d  

s o i l s .  

The fo l l owing  e q u a t i o n  w a s  d e r i v e d  f o r  maximum p i t  dep th  i n  

m i l s  ( 7 5 4 ) :  

p = K K (10 - ~ H P  ( e / p I n  (Eq. 11) n a  
where p H  i s  t h e  s o i l  pH, p i s  t h e  s o i l  r e s i s t i v i t y  i n  ohm-cm, 0 

i s  t i m e  i n  y e a r s ,  and A i s  t h e  exposed area i n  s q u a r e  f e e t .  I(. 

and "a1' are dependent  on t h e  a l l o y  used,  a s  shown i n  Table  1 9 .  

T h e o r e t i c a l  v a l u e s  f o r  n w e r e  d e r i v e d  by c o n s i d e r i n g  t h e  p robab le  

a 

r a t e  l i m i t i n g  s t e p .  They compare w e l l  w i th  t h e  NBS e m p i r i c a l  

v a l u e s  i n  Equat ion 1 0 .  Thus, i n  w e l l  a e r a t e d  s o i l s  n = 1 / 6  

f o r  Taco3 f i l m  format ion  on c a t h o d i c  areas be ing  r a t e  l i m i t i n g .  

For  f a i r l y  a e r a t e d  s o i l s  n = 1 /3  f o r  fo rmat ion  o f  f e r r i c  co r ro-  

s i o n  p roduc t s  o v e r  t h e  p i t .  For poor ly  a e r a t e d  s o i l s  n = 1 / 2 ,  

which i s  an a r e a  e f f e c t  w i t h  c o n s t a n t  c o r r o s i o n  c u r r e n t .  I n  

very poo r ly  a e r a t e d  s o i l s  t h e  c o r r o s i o n  p roduc t s  a r e  s o l u b l e  

and lower t h e  r e s i s t i v i t y  of t h e  s o i l  e l e c t r o l y t e ,  l e a d i n g  t o  

n = 2/3. Comparison wi th  NBS f i e l d  expe r i ence  gave v a l u e s  o f  

Kn = 1 7 0 ,  2 2 2 ,  and 355 f o r  good, f a i r ,  and poor s o i l  a e r a t i o n , .  

A S o v i e t  s t udy  i n d i c a t e d  t h a t  t h e  -:umber and dep th  of p i t t i n g  

of gas  p i p e l i n e s  i n c r e a s e d  wi th  :-.,zcreas'.?g f requency of changes 

i n  s o i l  p r o p e r t i e s  w i t h  d i s t a n c e  ( 7 3 C ; .  Changes i n  e l e v a t i o n ,  

s o i l  t y p e ,  and r e s i y t i v i t y -  w e r e  cons ide red .  G r e a t e s t  p i t  dep ths  

were caused by a?.:ernating from c l a y s  t o  sandy soi_'s. 
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13.  G a s  and Petroleum Corros ion  E f f e c t s  

Seventy- three  of  t h e  o i l  and g a s  o p e r a t i n g  companies respond-  

i n g  t o  t h e  q u e s t i o n n a i r e  t r a n s p o r t  materials  which,  i n  t h e  p r e-  

sence  of f r e e  mo i s tu re ,  may cause  i n t e r n a l  c o r r o s i o n .  Table 9 

l i s t s  t h e  materials  t r a n s p o r t e d  by t h e s e  companies. 

Cor ros ion  i n  o i l  and g a s  w e l l  equipment w a s  reviewed i n  

Reference 553. Cor ros ion  w a s  p r i m a r i l y  i n t e r n a l .  Sour o i l  and 

g a s  c o n t a i n  H2S, whi le  sweet o i l  c o n t a i n s  o n l y  C 0 2  and f a t t y  a c i d s .  

Sweet c o r r o s i o n  i s  a s s o c i a t e d  w i t h  h igh  saltwater p r o d u c t i o n ,  

TABLE 9 

MATERIALS TRANSPORTED WHICH CAUSE INTERNAL CORROSION 
I N  THE PRESENCE OF FREE MOISTURE 

Mater i a1 Number of  Companies 

7 7, Sour Crude ( H 2 S )  -~ _. 

Sweet Crude ( C 0 2 )  1 4  

Crude o i l  7 

ivater 6 

S a l t w a t e r  5 

Su lphur  

LPG 

Ref ined Petroleum Produc t s  

Casing head,  g a s ,  & f r a c k i n g  s o l u t i o n  

C a u s t i c s  

c12 

s04 

Gdsol ines  
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i . e . ,  4 0  t o  5 0  p e r c e n t .  

caused c o r r o s i o n ,  w h i l e  p r e s s u r e s  below 7 p s i  w e r e  n o n c o r r o s i v e .  

A C 0 2  p r e s s u r e  o f  o v e r  30 p s i  u s u a l l y  

The g e n e r a l  c o r r o s i o n  ra te  o f  l o w  a l l o y  s teels  i n  aqueous 

H S s o l u t i o n s  i n c r e a s e s  as t h e  H 2 S  c o n c e n t r a t i o n  i n c r e a s e s .  

Hydrogen s u l f i d e  i n  s o u r  w e l l s  caused c o r r o s i o n  by producing 

c a t h o d i c  i r o n  s u l f i d e  and by hydrogen c r a c k s  and b l i s t e r s  ( 5 5 3 ) .  

2 

I t  h a s  been n o t e d  p r e v i o u s l y  t h a t  H 2 S  can  induce  s tress c o r r o s i o n  

c r a c k i n g .  On t h e  o t h e r  hand, i r o n  s u l f i d e  f i l m s  produced on iron 

by H2S-C02-H20 c o r r o s i o n  were p r o t e c t i v e  ( 3 7 4 ) .  S t u d i e s  o f  pH 

e f f ec t  showed t h a t  f i l m  was l e a s t  p r o t e c t i v e  i n  pH r a n g e  6.5 t o  

8 . 8  and e s s e n t i a l l y  c o n t a i n e d  k a n s i t e  ( F e  S ) .  The niost p r o t e c -  

t i v e  f i l m  a l s o  c o n t a i n e d  p y r i t e  (FeS ) and t r o i l i t e  ( F e S ) .  

3 4  

2 
The c o r r o s i v i t y  o f  pe t ro leum i n c r e a s e s  as i t s  water c o n t e n t  

i n c r e a s e s .  I n  f a c t ,  t h e r e  i s  v e r y  l i t t l e  o r  no c o r r o s i o n  u n l e s s  

m o i s t u r e  i s  p r e s e n t  ( 7 0 6 ) .  A 1 9 5 3  survey showed r e q u i r e d  main- 

tenance  of  348 sweet w e l l s  i n  C a l i f o r n i a  i n c r e a s e d  i r r e g u l a r l y  as  

t h e  p e r c e n t a g e  of produced water i n c r e a s e d  ( 6 1 8 3 ) .  Water i n  l o w  

s p o t s  i n  p i p e s  i s  e s p e c i a l l y  d e l e t e r i o u s  p a r t i c u l a r l y  w i t h  sour  

o i l  and g a s .  Such water i s  e l i m i n a t e d  o r  reduced by p r o p e r  d e s i g n  

and by p e r i o d i c a l l y  p i g g i n g  t h e  l i n e .  The d e t e r m i n a t i o n  of s a f e  

l i m i t s  f o r  H2S, C 0 2 ,  and H 0 c o n t e n t s  i n  r e l a t i o n  t o  p i p e  g r a d e ,  2 

o p e r a t i n g  p r e s s u r e ,  s t ress l e v e l ,  e t c . ,  are needed (4126). 

1 4 .  Cor ros ion  i n  N a t u r a l  Waters -- 
Offshore  o i l  p r o d u c t i o n  has  i n c r e a s e d  d r a m a t i c a l l y  i n  r e c e n t  

y e a r s .  Accompanyi??g t h i s  has  been an i n c r e a s e d  p u b l i c  s e n s i t i v i t y  

t o  marine o i l  l e a k a g e s .  P i p e l i n e s  a l s o  cross r i v e r s ,  h a r b o r s ,  

bays ,  e t c .  Some of t h e s e  environments  are  v e r y  c o r r o s i v e .  
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Although seawater i s  approximate ly  e q u i v a l e n t  i n  s t r e n g t h  

t o  3.5 p e r c e n t  N a C l  ( 0 . 6  n o r m a l ) ,  many o t h e r  components are 

p r e s e n t ,  as shown i n  Table  1 0 .  The pH var ies  from 8 . 1  t o  8 .3 .  

The c o r r o s i o n  behav ior  of seawater i s  a l so  a p p r e c i a b l y  d i f f e r e n t  

from 3 . 5  p e r c e n t  N a C 1 .  A c r i t i c a l  f a c t o r  i n  c o r r o s i v i t y  i s  t h e  

oxygen c o n t e n t ,  which d e c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  i n -  

c r e a s i n g  d e p t h ,  and i n c r e a s e d  s t agnance  ( 7 7 9 ) .  A t tack  o f  mild 

s t e e l  i s  less a t  g r e a t  d e p t h s ,  w h i l e  s t a i n l e s s  s t e e l  i s  cor roded  

l e s s  a t  h i g h  oxygen c o n c e n t r a t i o n s .  The s p l a s h  and t i d a l  zones 

are most c o r r o s i v e  f o r  o r d i n a r y  steels ( 7 8 4 ) .  C o a s t a l  and h a r b o r  

waters are more v a r i a b l e  i n  composi t ion  and more c o r r o s i v e .  For ty-  

seven p e r c e n t  of s t e e l  p i l i n g s  submerged f o r  37 y e a r s  i n  San Fran-  

c i s c o  Bay had severe c o r r o s i o n  w i t h  broad p i t s  o f  an average  d e p t h  

of 0 . 1  i n c h  ( 1 3 8 ) .  

TABLE 1 0  

COMPOSITION OF SEAWATER 

ppm 

c11- 18,980 - - 
s04 
HCO- 

3 
B r -  - 
F 

2 , 6 4 9  

1 4 0  
65 
1 

H BO 26 

10,556 N a  

Mg++ 1 ,272 
Ca++ 400 
K+ 380 
S r++  13 

3+ 
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F r e s h  waters v a r y  i n  c o r r o s i v i t y .  S o f t  waters are  more 

c o r r o s i v e  t h a n  h a r d  waters ,  p robab ly  because  of p r e c i p i t a t i o n  of  

calcium sa l t s  from hard  waters. 

c o r r o s i o n  by p r e v e n t i n g  p r e c i p i t a t i o n  o f  p r o t e c t i v e  c a r b o n a t e  

Excess  C 0 2  and l o w  p H  enhance 

f i l m s .  P o l l u t e d  waters sometimes c o n t a i n  NH H 2 S ,  o r  S O  a l l  
3 '  2 '  

o f  which may i n c r e a s e  a t t a c k .  

Marine p i p e l i n e s  may p a s s  th rough  d i f f e r e n t  zones o f  s o i l  

c o n d i t i o n s ,  a e r a t i o n ,  e t c .  Concen t ra t ion  ce l l s  formed between 

two zones c a u s e  "macro- corros ion,"  which i s  more s e r i o u s  t h a n  

t h e  "micro-corros ion"  caused by c o n d i t i o n s  w i t h i n  a s i n g l e  zone 

( 2 4 1 ,  1 6 0 ) .  The macro- corros ion r a t e  h a s  been found t o  i n c r e a s e  

r a p i d l y  as  t h e  r a t i o  o f  c a t h o d i c  area t o  a n o d i c  area i n c r e a s e d .  

1 5 .  B i o l o g i c a l  E f f e c t s  

L iv ing  organisms can have l a r g e  i n f l u e n c e s  on c o r r o s i o n  o f  

f e r r o u s  m e t a l s .  The d e l e t e r i o u s  i n f l u e n c e  of some marine organ-  

i s m s  i s  r e a d i l y  a p p a r e n t .  For example: P u r p l e  sea u r c h i n s  remove 

r u s t  c o a t i n g s ,  and t h u s  accelerate c o r r o s i o n ;  p i t t i n g  i s  favored  

under b a r n a c l e s .  Such f o u l i n g  i s  much less s e v e r e  a t  5500 f t  than  

a t  t h e  s u r f a c e  ( 2 5 4 ) .  

The e f fec t  of  micro-orTanisms i s  d i f f i c u l t  t o  i s o l a t e  and t o  

d e t e r m i n e .  I t  i s  known t h a t  t h e y  are p r e s e n t  under ?round,  i n  

n a t u r a l  waters, i n  sewage, and p robab ly  also i n  soiie pe t ro leum 

prodlzcts.  S i g h  p o p u l a t i o n s  have been found a d j a c e n t  t o  p i p e l i n e s  

(5025) .  Green a:.gae can  c rea te  oxygen supersa t i .xa t ion  which 

accel2rates c a t h o d i c  r e a c t i o n s  and forms concen7ra t ion  c e l i s .  

Bacteria  consuxe oxygen and g e n e r a t e  ce l l s  when o r g a E i c  food i s  

p r e s e n t ,  such as Eound i n  some c o a t i n g s  ( 1 7 4 ) .  A l t e r n a t e  bznds 
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of a e r o b i c- a n a e r o b i c  zones are found i n  sediments  conta in ing ,  

d i f f e r e n t  amounts o f  o r g a n i c  mater ia ls .  T h i s  i s  v e r y  c o r r o s i v e .  

S u l f . i r i c  a c i d  i s  g e n e r a t e d  from s u l f u r  and s u l f i d e s  ( 7 8 0 ) .  pH 

l eve l s  o f  5 and 6 have been produced by g e n e r a t i o n  o f  humic a c i d s  

i n  t h e  s o i l .  C 0 2  i s  a u n i v e r s a l  m e t a b o l i c  p r o d u c t  of  a l l  sapro-  

p h y t i c  microbes.  Ammonia can  be produced by b a c t e r i a l  h y d r o l y s i s  

o f  u r e a .  

The m o s t  s t u d i e d  micro-organisms from a c o r r o s i o n  s t a n d p o i n t  

are t h e  s u l f a t e  r e d u c i n g  b a c t e r i a  (780,  538, 549, 524, 3 7 5 ) .  
- 

These a n a e r o b i c  b a c t e r i a  r educe  SO, t o  H 2 S ,  which i s  i n  i t s e l f  

c o r r o s i v e .  I r o n  s u l f i d e - i r o n  ce l l s  are a l so  formed. However, 

t h e  main i n f l u e n c e  seems t o  be d i r e c t  d e p o l a r i z a t i o n  o r  accelera- 

t i o n  o f  t h e  c a t h o d i c  r e a c t i o n .  

The schemat ic  o f  F i g u r e  4 obv ious ly  does  n o t  app ly  t o  c o r r o-  

s i o n  which r e s u l t s  from b a c t e r i a l  r e d u c t i o n  of s u l f a t e  i o n s .  

L i t t l e  has  been p u b l i s h e d  on t h e  composi t ion  o f  t h e  consequent  

c o r r o s i o n  p roduc t .  However, s i n c e  t h e  r e d u c t i o n  o c c u r s  under 

a n a e r o b i c  c o n d i t i o n s ,  f e r r o u s  s u l f i d e  would be expec ted  as t h e  

p r e v a l e n t  form. But b o t h  it and t h e  l i g h t  c o l o r e d  f e r r i c  s u l -  

f i d e ,  b o t h  comparable i n  formula  t o  t h e  cor responding  o x i d e s ,  are 

h i g h l y  i n s o l u b l e .  The mant le  o f t e n  t a k e s  t h e  form o f  a s l a b  

d e f i n i n g ,  no doub t ,  t h e  e x t e n t  o f  t h e  b a c t e r i a l  p r o l i f e r a t i o n .  

The s l a b  i s  used by some as an i t e m  Df i d e n t i f i c a t i o n  of hydrogen 
* 

s u l f i d e  c o r r o s i o n .  

S u l f a t e  r e d u c e r s  ( d e s u l f o v i b r i o )  produced Fe2P and a v o l a t i l e  

phosphorous compound when growing i n  c o n t a c t  w i t h  s t ee l  and phos-  

p h a t e s  (538,  5 4 9 ) .  S o i l  b a c t e r i a  i.: s..Jntact- w i t h  b a r e  s t e e l  
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g e n e r a t e d  p o t e n t i a l  d i f f e r e n c e s  i n  t h e  l a b  ( 5 0 2 5 ,  5 0 2 3 ) .  L i g h t  

i n c r e a s e d  t h e  c o r r o s i o n  ra te .  Methane- generat ing bacteria a l s o  

i n c r e a s e  t h e  c o r r o s i o n  r a te  ( 4 ) .  

T h e  importance and p reva l ence  of t h i s  t y p e  of c o r r o s i o n  have 

One e x t e n s i v e  random i n s p e c t i o n  of c o a t -  long  been i n  q u e s t i o n .  

i n g s  on a p i p e l i n e  from t h e  sou thwes t  t o  t h e  eas tern  seaboard 

f a i l e d  t o  d i s c o v e r  s u l f i d e s  i n  t h e  s o i l .  Table  3 shows t h a t  2 4  

p e r c e n t  of t h e  companies surveyed c o n s i d e r  m i c r o b i o l o g i c a l  c o r r o-  

s i o n  t o  be a s i g n i f i c a n t  cause  of leaks .  Table  11 e x e m p l i f i e s  t h e  

u n c e r t a i n t y  i n  e x t e n t  of  bac ter ia i  c o r r o s i o n .  

The u n c e r t a i n t y  can a l so  be shown by q u o t i n g  from re sponden t s  

t o  t h e  q u e s t i o n n a i r e :  

(1) "One of o u r  c o n s u l t a n t s  (claims) t h i s  a s  a major c a u s e  

of c o r r o s i o n .  O t h e r  c o n s u l t a n t s  have s i n c e  expressed  doubts  

a s  t o  t h e  v a l i d i t y  of h i s  assumption."  ( Q 6 2 5 )  

( 2 )  " W e  f i n d  . . . t h a t  anae rob ic  s u l f a t e  r educ ing  b a c t e r i a  

are t h e  major cause  of c o r r o s i o n . "  (Q357) 

( 3 )  " W e  b e l i e v e  t h a t  m a j o r i t y  of  a l l  c o r r o s i o n  leaks on s tee l  

p i p e s  ( i s )  caused by s u l f a t e  r educ ing  bacter ia ."  ( 4 5 0 0 )  

TABLE 11 

COMPANIES E X P E R I E N C I N G  BACTERIAL CORROSION 

D o  N o t  
Y e s  No Know Rare ly  

( A )  Anaerobic 37 1 2 0  158  33 

1 7  3 16 ( B )  Aerobic 9 1 3 4  



( 4 )  " W e  do n o t  c o n s i d e r  t h a t  it e v e r  has  been demons t ra ted  

t h a t  b a c t e r i a  cause  c o r r o s i o n  on p i p e l i n e s . "  (Q585) 

Aany of t h o s e  who a t t r i b u t e  c o r r o s i o n  t o  b a c t e r i a l  a c t i o n  base 

t h e i r  conc lus ion  on t h e  p re sence  of s u l f i d e  i o n  i n  t h e  s o i l ,  n o t  

on a d e t a i l e d  examinat ion of t h e  c o r r o s i o n  p r o d u c t  mant le .  Th i s  

s imple  and p r o f i t a b l e  way t o  de te rmine  t h e  local  cause  of  c o r r o-  

s i o n  has  been n e g l e c t e d .  

1 6 .  Atmospheric Cor ros ion  

P o r t i o n s  of  eve ry  p i p i n g  system are above ground a t  pumping 

s t a t i o n s ,  end p o i n t s ,  e t c .  Although c o r r o s i o n  i s  n o t  as g r e a t  a 

problem aboveground a s  underground,  i t  i s  p r e s e n t  n o n e t h e l e s s .  

A t  low p r e s s u r e s  o f  d r y  oxygen, an i r o n  ox ide  f i l m  f i r s t  

forms a t  a l i n e a r  r a te  and then  approaches  a l i m i t i n g  t h i c k n e s s  

of 26  Angstroms. Traces  o f  wate r  vapor lower t h e  l i m i t i n g  t h i c k -  

n e s s  t o  18 Angstroms ( 1 0 2 ) .  Under real  a tmospher ic  c o n d i t i o n s  

c o r r o s i o n  i s  s imi la r  t o  t h a t  found underground. Water i s ,  o f  

c o u r s e ,  neces sa ry  f o r  t h e s e  c o r r o s i o n  p r o c e s s e s .  R a i n f a l l  s u p p l i e s  

o c c a s i o n a l  mo i s tu re .  A t  a t r o p i c a l  mar ine  s i t e  c o r r o s i o n  w a s  more 

r a p i d  i n  p e r i o d s  of h igh  r a i n f a l l  and h igh  humidi ty  ( 2 3 4 ) .  Once 

c o r r o s i o n  p roduc t s  have formed, t h e y  can s t o r e  w a t e r  by s h i e l d i n g  

it from e v a p o r a t i o n ,  by forming s o l u t i o n s  w i th  lower vapor  p r e s-  

s u r e s ,  e tc .  I t  w a s  found t h a t  c o r r o s i o n  was n e g l i g i b l e  when t h e  

r e l a t i v e  humidi ty  w a s  he ld  below 4 0  p e r c e n t  w i t h  t h e  s tee l  be ing  
1 

covered by s y n t h e t i c  r u s t s  c o n t a i n i n g  s u l p h a t e s  and c h l o r i d e s  

( 7 8 1 ) .  Hygroscopic s a l t s  and a c i d s  from t h e  atmosphere can s e t t l e  

on t h e  s tee l  s u r f a c e  and keep it m o . d , s t .  I t  w a s  sugges ted  t h a t  

f e r r o u s  s u l f a t e  h y d r a t e  cap. supply  water by dehy?.rat ion ( 7 8 2 ) .  

7 2  



Many f i e l d  t es t s  o f  a tmospher ic  c o r r o s i o n  have been made 

( e . g . ,  Refs .  189,  4 3 ,  1 6 9 ,  2 3 4 ) .  C o r r o s i v i t y  var ies  w i t h  t h e  

m e t a l  b e i n g  t e s t e d  ( 1 8 9 ) .  Sea s a l t  and SO2 a c c e l e r a t e d  c o r r o-  

s i o n  ( 4 3 ) .  Corros ion  o f  a v a r i e t y  of s teels  w a s  found t o  be i n -  

f l u e n c e d  t o  t h e  grea tes t  e x t e n t  by SO2 c o n t e n t  ( 1 6 9 ) .  Specimens 

exposed i n  t h e  w i n t e r  have a much h i g h e r  S c o n t e n t  a t  t h e  metal  

s u r f a c e  t h a n  t h o s e  exposed i n  t h e  summer ( 1 7 3 ) .  S 0 2 - f o r m s  hygro- 

s c o p i c  and c o r r o s i v e  H2S04 i n  t h e  atmosphere and a l s o  on t h e  i r o n  

s u r f a c e ,  which may, i n  f a c t ,  accelerate t h e  r e a c t i o n .  

The i n f l u e n c e  o f  a i r b o r n e  s a l t  w a s  i l l u s t r a t e d  by t h e  o b s e r-  

v a t i o n  t h a t  t h e  c o r r o s i o n  r a t e  o f  i r o n  w a s  an  o r d e r  o f  magnitude 

g r e a t e r  a t  80 f e e t ' f r o m  t h e  ocean t h a n  a t  800 f e e t  away ( 7 8 4 ) .  

Ozolle, a component of  smog, caused p i t t i n g  of s t e e l  ir, d e i o n i z e d  

water b u t  reduced p i t t i n g  i n  sea wate r  ( 7 8 5 ) .  Ozone a l s o  accel-  

e r a t e d  c o r r o s i o n  of  s tee l  i n  d i l u t e  H 2 S 0 4 .  
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